25 to about amSsjo acid 250 of the full length human 
erythropoietin receptor protein, said human erythropoietin 
receptor polypeptide be^iqg capable of binding human 
erythropoieti c wherein saicfr .polypeptide is non-glycosvlated . 


REMARKS 

Applicant confirms the election of group II, claim 3 
and 5, made on May 13, 1998. Claims 3 and 5 are pending in the 
application. 

Applicant has amended the specification to include a 
priority claim to the parent application, U.S. Serial No. 
08/106,815, which was filed on August 16, 1993. 

Applicant has amended independent claim 3 to recite 
that the polypeptide is unglycosylated, as the human 
erythropoietin receptor polypeptide of the invention was 
expressed in E. coli. One of ordinary skill in the art at the 
time the invention was made would have appreciated that a 
prokaryotically expressed polypeptide does not contain post- 
translational modifications such as glycosylation. See, for 
example, page 16.3 of Sambrook et al . , Molecular Cloning: A 
Laboratory Manual , 1989; and Bassuk et al . , Arch. Biochem. 
Biophys . , 1996, 325(1) :8-19, copies of which are attached hereto. 

No new matter is added by these amendments. 


Rejections under 35 U.S.C. §102 and §103 

The Examiner rejected claims 3 and 5 under 35 U.S.C. 
§102 (b) as being anticipated by D' Andrea et al . , U.S. Patent No, 


5,378,808 (the '808 patent) . Claim 5 also was rejected under 35 
U.S.C. §103 as being unpatentable over the '808 patent. The 
Examiner asserted that D' Andrea describes production and 
purification of the secreted human EPO receptor polypeptide. The 
Examiner also asserted that it would have been obvious to one of 
ordinary skill in the art to "employ the secreted receptor 
polypeptide described by D' Andrea to make an affinity 
chromatography matrix capable of binding EPO 11 . 

Amended claim 1 recites that the purified human 
erythropoietin receptor polypeptide is unglycosylated. The '808 
patent does not disclose production of a purified, 
unglycosylated, human erythropoietin receptor polypeptide, as the 
polypeptide of the '808 patent was expressed in COS cells. One 
of ordinary skill in the art would appreciate that COS cells are 
eukaryotic cells that glycosylate expressed proteins. See, for 
example, page 8576 of the attached article by Aruffo and Seed, 
Proc. Natl. Acad. Sci. USA , 1987, 84:8573-8577. 

As the '808 patent does not disclose production of the 
unglycosylated human erythropoietin receptor polypeptide and 
immunoassay composition of the present invention, claims 3 and 5 
are not anticipated by the '808 patent. In addition, since the 
glycosylation state of a protein can have significant impact on 
protein interactions, the '808 patent does not render claim 5 
obvious. See, for example, Roos et al . , Mol . Cell . Biol . , 1997, 
17 (11) : 6472-6480 , a copy of which is attached hereto. In light 
of this, the Examiner is requested to withdraw the rejection of 


3 


claims 3 and 5 under 35 U.S. C. § 102 and § 103 over the '808 
patent . 


Applicant submits that all of the claims are now in 


condition for allowance, which action is requested. The Examiner 
is invited to telephone the undersigned if it is felt that such 
would advance prosecution of the application. 

Please charge any additional fees, or make any credits, 
to Deposit Account No. 06-1050. 

Respectfully submitted, 


Fish 5c Richardson P.C., P. A. 

60 South Sixth Street, Suite 3300 

Minneapolis, MN 55402 

Telephone: 612/335-5070 
Facsimile: 612/2 88-9696 

20945. Mil 




Mark S. Ellinger, 
Reg. No. 34,812 



Molecular 
Cloning 

A LABOR/VrORY MANUAL 
S E C O N D EPJTJ_ON 


J. Sambrook 

University of texas southwestern medical center 

E.F. Fritsch 

GENETICS INSTITUTE 
HARVARD UNIVERSITY 


Cold Spring Harbor Laboratory Press 


(csh) 


1989 


Molecular 
Cloning 

A LABORATORY MANUAL 
SECOND EDITION 

All rights reserved 

© 1989 by Cold Spring Harbor Laboratory Press 
Printed in the United States of America 

9 8 7 6 5 4 3 

Book and cover design by Emily Harste 

Cover: The electron micrograph of bacteriophage A particles 
stained with uranyl acetate was digitized and assigned false color 
by computer. (Thomas R. Broker, Louise T. Chow, and James L 
Garrels) 

Cataloging in Publications data . 

Sambrook, Joseph 

Molecular cloning : a laboratory manual / E.F. 
Fritsch, T. Maniatis— 2nd ed. 
p. cm. 
Bibliography: p. 
Includes index. 
ISBN 0-S7969-309-6 

1. Molecular cloning — Laboratory manuals. 2. Eukaryotic cells- 
-Laboratory manuals. L Fritsch, Edward F. II. Maniatis, Thomas 
III. Title. 

QH442.2.M26 1987 

574.87'3224--dcl9 87-35464 


Researchers using the procedures of this manual do so at their own risk. Cold Spring Harbor 
Laboratory makes no representations or warranties with respect to the material set forth in 
this manual and has no liability in connection with the use of these materials. 

Authorization to photocopy items for internal or personal use, or the internal or personal use of 
specific clients, is granted by Cold Spring Harbor Laboratory Press for libraries and other 
users registered with the Copyright Clearance Center (CCC) Transactional Reporting Service, 
provided that the base fee of $0.10 per page is paid directly to CCC, 21 Congress St., Salem MA 
01970. [0-87969-309-6/89 $00 + $0.10] This consent does not extend to other kinds of copying, 
such as copying for general distribution, for advertising or promotional purposes, for creating 
new collective works, or for resale. 

All Cold Spring Harbor Laboratory Press publications may be ordered directly from Cold 
Spring Harbor Laboratory Press, 10 Skyline Drive, Plainview, New York 11803. Phone: 
1-800-843-4388. In New York (516) 367-8423. FAX: (516) 367-8432. 


Expression of Proteins 


7 


EXPRESSION OF PROTEINS FROM CLONED GENES 

A few eukaryotic proteins have been expressed efficiently and inexpensively* 
in prokaryotic hosts (see Chapter 17). However, many eukaryotic proteins 
synthesized in bacteria fold incorrectly or inefficiently and, consequently, 
exhibit low specific activities. In addition, production of authentic, biological- 
ly active eukaryotic proteins from cloned DNA frequently requires post- 
translational modifications such as accurate disulfide bond formation, gly- 
cosylation, phosphorylation, oligomerization, or specific proteolytic cleavage — 
processes that are not performed by bacterial cells. This problem is particu- 
larly severe when expression of functional membrane or secretory proteins 
such as cell surface receptors and extracellular hormones or enzymes is 
required. 

Because of these problems, considerable effort has been made to develop 
systems to express mammalian proteins in mammalian cells. These systems 
can be divided into two types: those that involve transient or stable expres- 
sion "of transfected DNA and those that involve the use of viral expression 
vectors derived from simian virus 40 (SV40) (Elder et al. 1981; Gething and 
Sambrook 1981; Rigby 1982, 1983; Doyle et al. 1985; Sambrook et al. 1986), 
vaccinia virus (Mackett et al. 1985; Moss 1985; Fuerst et al. 1986, 1987), 
adenovirus (Solnick 1981; Thummel et al. 1981, 1982, 1983; Mansour et al. 
1985; Karlsson et al. 1986; Berkner 1988), retroviruses (Dick et al. 1986; 
Gilboa et al. 1986; Eglitis and Anderson 1988), and baculoviruses (Luckow 
and Summers 1988). The diversity of these animal viruses is so great that an 
account of their molecular biology is beyond the scope of this chapter. In 
addition, effective utilization of viral vectors requires some prior experience 
in the methods used to grow, quantitate, and plaque-purify different viruses. 
An entire chapter would be required to provide all of the information 
necessary to use each of these vectors. For these reasons, we have chosen to 
focus entirely on expression methods that involve DNA transfection. (Note: 
An excellent manual describing methods for the use of baculovirus vectors 
and procedures for culture of insect cells has been published by Summers and 
Smith [19871.) 

Expression of proteins from cloned eukaryotic genes in mammalian cells 
has been used for a number of different purposes: 

• To confirm the identity of a cloned gene by using immunological or 
functional assays to detect the encoded protein 

• To express genes encoding proteins that require posttranslational modifica- 
tions such as glycosylation or proteolytic processing 

• To produce large amounts of proteins of biological interest that are normal- 
ly available in only limited quantities from natural sources 

• To study the biosynthesis and intracellular transport of proteins following 
their expression in various cell types 
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1CT CD28 (Tp44) Is a human T-cell-spetifk ho- 
aer surface protein that may participate in T-celi acti- 
We have isolated a cDNA clone encoding CD28 by a 
: and highly efficient cloning strategy based on transient 
i in COS ceils. Central to this strategy is the use of an 
l method to prepare large plasmid cDNA libraries. The 
i are introduced into COS ceils, where transient expres- 
ittjpa allows the isolation of cDNAs by way of 
antibody binding. The CD28 cDNA encodes a 
dy gtyeoayhtted membrane protein with homology to the 
■anegftofeofln saperfamily and directs the production of a 
in transacted COS cells. 

(ionoclonai antibodies recognizing three antigens, CD3 (T3), 
~)2 (Til), and CD28 (Tp44) 7 cause human T cells co 
altferate in the presence of phorbol esters (1-3). Whereas 
53 appears to be involved in transduction of the signal 
Enerated by antigen binding to the T-cell receptor (4, 5), the 
tie of the CD2 and CD28 antigens in physiological prolifcr- 
lion is not at present understood. Exposure of T ceils to 
nti-CD28 or interieukin 1 results in increased levels of 
bytoplasmic cGMP (6, 7), and either interieukin 1 or anti- 
^28 antibody can substitute for monocytes in provoking 
oiiferation of T cells exposed to agarose-bound anti-CD3 
ntibody (7, 8). However, the molecular weight, tissue 
Jistribution, and surface density of the interieukin 1 receptor 
1(9) and CD28 antigen (10) are dissimilar. Moreover, anti- 
[CD28 treatment, but not interieukin 1 treatment, allows 
^proliferation of phorbol ester-stimulated T cells in the pres- 
ence of dibutyryl cAMP (11). 

We have described (12) a monoclonal antibody-based 
f technique for enrichment of cDNAs encoding surface anii- 
pgens. Here we describe a method of constructing plasmid 
[expression libraries that allows the enrichment technique to 
be fully exploited. The method for making plasmid expres- 
sion libraries may be of more general use for expression 
cloning, since, with the exception of some lymphokine 
cDNAs isolated by expression in COS cells (13-16), few 
cDNAs in general have been isolated from mammalian 
expression libraries. There appear to be two principal reasons 
for this. (0 The existing technology (17) for construction of 
large plasmid libraries is difficult to master, and the library 
size, even in Lhe hands of virtuosos, rarely approaches that 
accessible by phage cloning techniques (18). (//) The existing 
vectors are, with one exception (13), poorly adapted for 
high-level expression, particularly in COS cells. The reported 
successes with lymphokine cDNAs do not imply a general 
fitness of the methods used, since these cDNAs are partic- 
ularly easy to isolate from expression libraries. Lymphokine 
bioassays are very sensitive (13-16), and the mJRNAs are 
typically both abundant and short (13-16). 

The publicacion costs of this article were defrayed in part by page charge 
payment. This article must therefore b<Ji£iabymarked "advertisement" 
in accordance *ith LS U.S.C. 51734 solely IcMnaTcale'TTOfact. 


In this article we have applied the antibody .^election 
technique to isolate a cDNA clone encoding the CD28 
antigen.* The antigen shares substantial homology with 
members of the immunoglobulin superfamily and forms a 
dimer structure on the surface of transfected COS cells 
similar to the dimer structure found on T lymphocytes. 

MATERIALS AND METHODS 

Preparation of cDNA Libraries. Poly(A)" RNA was pre- 
pared from the human T-cell tumor line HPB-ALL by 
oligo(dT)-cellulose chromatography of total RNA isolated by 
the guanidinc thiocyanate method (19). cDNA was prepared 
by the following protocol, based on the method of Gubler and 
Hoffman (20). mRNA (4 M g) was heated to ~100°C in a 1.5-ml 
centrifuge tube for 30 sec and quenched on ice, and the 
volume was adjusted to 70 fx\ with RNase-free water To this 
were added 20 /il of buffer (0.25 M Tris. pH 8.8 (pH 8.2 at 
42°C)/0.25 M KC1/30 mM MgCl 3 ], 2 >i\ of RNase inhibitor 
(Boehringer Mannheim; 36 units/jul), 1 ^1 of 1 M dithiothrei- 
col, 1 p\ of oligo(dT) at 5 ^g/^l (Collaborative Research), 2 
pi of each deoxynucleosidc triphosphate at 25 mM (United 
States Biochemicals, Cleveland), and 4 fi\ of reverse tran- 
scriptase (Life Sciences, St. Petersburg. FL; 24 unils/^1). 
After 40 min at 42'C the reaction was terminated by heating 
to 70°C for 10 min. To the reaction mixture was then added 
a solution containing 320 p.1 of RNase-free water, .SO ^\ of 
buffer [containingO.l M Tris-HCl (pH 7.5), 25 mM MkC1 2i 0.5 
M KCI, bovine serum albumin at 0.25 mg/ml. and 50 mM 
dithiothreitol], 25 units of DNA polymerase I (Boehringer 
Mannheim), and 4 units of RNasc H (Bethesda Research 
Laboratories). After 1 hr at 15°C and 1 hr at 22°C. 20 M l of 0.5 
M EDTA (pH S.O) was added, the reaction mixture was 
extracted with phenol. N'aCl was added to 0.5 M. linear 
polyacryiamide (carrier; ref. 21) w a s added to 20 /ig/ml, and 
the tube was filled with ethanol. After centrifugation for 2-3 
min at 12,000 x % s the tube was removed. Vortex mixed to 
dislodge precipitate spread on the wall of the tube, and 
centrifuged again for 1 min. 

Unpurified oligonucleotides having the sequence CTCT- 
AAAG and CTTTAGAGCACA were dissolved in H 2 0 at a 
concentration of 1 mg/ml. MgSO* was added to 10 mM. and 
the DNA was precipitated by adding 5 volumes of Et( >H. The 
pellet was rinsed with 70% (vol/vol) EtOH and rcsuspended 
in TE bufTer (10 mM Tris-HCl (ph 7.5)/0.5 mM EDTA] at a 
concentration of 1 mg/ml. The resuspended oligonucleotides 
(25 m0 w ere phosphorylatcd by the addition of 3 p\ of buffer 
[containing 0.5 M Tris*HCl (pH 7.5). 10 mM ATP. 20 mM 
dithiothreitol, 10 mM spermidine, bovine serum albumin at 1 
mg/ml, and 10 mM MgCI 2 ] and 20 units of polynucleotide 
kinase followed by incubation at 37°C overnight. 

*This sequence is being deposited in ihc EM BL/GenBank data base 
(Boll, Beranek, and Newman Laboratories, Cambridge. MA. and 
Eur. Mol. Biol. tub.. Heidelberg) (accession no. J0298K) 
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Fig 1 Map of (he rrH3M vector. The direction of transcription 
is indicated by an arrow. Restriction endonucleasc 5 u« Hanking the 
flj-iXl clomng sites are shown. There are seven segments. Residues 
1-SB7 are from the P BR32: origin (ori) ot replication, residues 
<88-U82 are from the M13 origin, residues 1183-1384 are rrom the 
\u P F gene, rcsiduea 1385-2238 arc from the chimeric cytomegalo- 
virus/human immunodeficiency virus promoter, residues 2239-264/ 
are from the replaceable fragment, residues 2648-3547 are rrom 
plasmid pSV2 (splice and polyadcnylylation signals), and residues 
3548-3900 are from the simian virus 40 origin (SV40 on). The 
complete nucleotide sequence is available from the authors. 

The 12-mer 0 V*) and the 8-mcr (2 yu{) phosphorylated 
oligonucleotides were added to the cDN A prepared as above 
in a 300-^1 reaction mixture containing 6 mM Tris-HCl (pH 
7.5), 6 mM MgCl 2f 5 mM NaCL bovine serum albumin at 0.35 
mg/ml. 7 mM 2-mercaptoethanol. 0.1 mM ATP, 2 mM 
dithiothreitol, 1 mM spermidine, and 400 units of T4 DNA 
ligase (New England BioLabs) at 15°C overnight. EDTA (10 
M l at 0.5 M) was added: and the reaction was phenol 
extracted, ethanol precipitated, resuspended in a volume of 
100 /il of TE. and layered on a 5-ml gradient containing 5-20% 
(wt/vol) potassium acetate. 1 mM EDTA, and ethidium 


bromide at 1 .^;mi. : he ^rnuieni — uriu: - . • > ir a| 

50.000 rpm iS'.Vf; rotor i and Iractionatctl manua: -ulcci- 
ine three ^O.r-ml fraction* followed by <i< a f rac . 

lions in microcentrifuge tubes by means of ■■.utcrfly 
infusion set inserted just above the curve of the * v ure. Linear 
polyacrytamide was added to 10 /*g/m). ihe lubes vxerc Tilled 
with ethanol. chilled. centrifused. Vortex mi.xed. and Cen . 
trifuged again us above. The precipitate was wa hed wuh 
70% (vol/vol) ethanol, dried, and resuspended in !.! ui. Q nc 
microliter of the las; six fractions was elecirophor ;sed on a 
gel to determine which fractions to pool. ■ oi cully 

material < I kilobuse ikb) was discarded. Kemairar. - vctions 
were pooled and ligated to the vector. 

The complete sequence and derivation of '.he ector are 
available on re-juesc. The vector wys prepared for , joning by 
digestion with VstXl and by /ractionawon on f-Il)'/' iwi/voU 
potassium acetate gradients a.% described for :he eONA. The 
appropriate band was collected by syringe under jon-nm UV 
light and ethanol precipitated as above. ciDNA ::nd vector 
were titrated in test ligations. Usually 1-2 ^ - : airifted 
vector was used for ihe cDN A from ± au of noly : .*NA. 
The ligation reaction mixtures were composed a*. . .eribed 
for the adaptor addition above. The ligation rcactio - fixtures 
were transformed into MCl0bl/p3 cells made competent by 
an unpublished protocol available from Michael icon (De- 
partment of Neurology. University of California. Sun Fran- 
Cisco) (personal communication). The trans form a lion effi- 
ciency for superceded vector w~as 3-: 10* colun-.cs per^g. 

Recovery and Characterisation of the CD2S Clone. Screen- 
ing of the library was carried out as described b; -.^d and 
Aruffo (12). asinc purified antibody 9.3 iDuPont .i con- 
centration of I fxz/m\ of rhe antibody buffer. Tr..- methods 
used for COS cell transection, radioimmunoprec:piuuicm ( 
RNA and DNA blot hybridization, and DNA equencing 
were all as described (12). 


GOOAAATTOOQCAATCAATCAQTQACATTCTACCTCCACAaTTTCTATC j 
CI jCyaLsuCl jAinG I uSarVft t ThrPheTy rL«uG I nAsnLouTyrVn I AanG I nThrA*p1 1* 1 yrPh«4,y sL/si 

CHQ CH0 ♦HO [ 6 *ll 

— cho — mga * -ISO cVq 

TTSCT^m^CCTTT^TT^ 
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(3*3) 


Pr.T y rAI.P~?roAr 0 A.P»>h«AI.AI.T>r»rsS.rEr>d 

CCaTCTCCACCCQOCOKCWaCCCCSt™^^ 
CACACOCC^TCTTaC.CTOCCATCGCCCACATTC^^ 

CTcACTCACCTCCACATCTCaCTCAACCAAACTCTGCTaTCCACACACATTTTACTTCCACAACAAACCCTACCAAATCATTCCTTTTGCTTAAATCOCTCTTTAaTCTT 

COTTAAACQQCCTAAeTTACACTACCCCCACCCATACCAACACATATTTAAAAACCATTAAAACACTCTCTCCOCTCATCAAATCACCCACCTACTTCCT.ATTTAATGC.:- " 
XAttTTTACAAATACATAQACATTCTCTTTTATCAATTC rCATCATATTTACTCATTTTGACCA^ATCAGGCATTTCGTCAAATCACCCATTCCCTCAAAriCAATA'C.SGCT i -.>'%.'•••' 
TflCTTTCCrCACTCCCTCTC*TCACAeTTCA0TCTTAAT6TTCACAATATACTTTCC«A«I ^ATAAA| ATACTTC 

FIC 2 NuclcoliJe sequence of .he CD23 =DNA. NucUoUde numbering U given in parentheses u. riphr. ^' n "^\' ""^""*,; 4 'J wcll^ 
sequence. The presumed polyadenylytation signal is shown boxed. 
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Fig. 3. Homology between the CD28 cDNa (lines 1). a mouse (lines 2). and :i rabbi* (lines immunoglobulin ncuv v-chain varin ^ region 
i ts shown boxed. 


RESULTS AND DISCUSSION 

ijo isolate the CD2S cDNA. a large plasmid cDNA library 
i was constructed in a high-efficiency expression vector con- 
l tauinga simian virus 40 origin of replication. A version of the 
S vector, containing an M13 origin, is shown in Fig. 1. Three 
[features of the vector make it particularly suitable for this 
\ use. (/) The eukaryotic transcription unit allows high-level 
^expression in COS cells of coding sequences placed under its 
(control. 07) The small size and particular arrangement of 
p sequences in the plasmid permit high-level replication in COS 
[cells, (ii'i) The presence of two identical BsrXI sites in 
[inverted orientation and separated by a short replaceable 
{fragment allows the use of an efficient oligonucleocidc-based 
| strategy to promote cDNA insertion in the vector. 
| The BstX] cleavage site, CCAN 5 /NTGG (where the slash 
[denotes the cleavage site), creates a 4-base 3' extension that 
| varies from site to site. We created a vector in which two 
identical sites were placed in inverted orientation ^ith 
I respect to each other and separated by a short replaceable 
I segment of DNA. Digestion with BsrXI followed by removal 
; of the replaceable segment yields a vector molecule that is 
; capable of ligating to fragments having the same ends as the 
replaceable segment but not to itself. In parallel, we attached 
to the cDNA synthetic oligonucleotides that give the same 
ter mini as the replaceable segment. The cDNA then cannot 
ligate to itself bat can ligate to the vector. In this way, cDNA 
and vector are used as efficiently as possible. Tailing with 
terminal transferase achieves the same end but with less 
convenience and, in our hands, less overall efficiency. 
Moreover, homopolymer tracts located on the 5' side of the 
cDNA inserts have been reported to inhibit expression in 
vitro and in viva (15, 22, 23). Similar approaches based on the 
use of partially filled restriction sites to favor insertion of 
genomic DNAs (24) and cDNAs (16) have been reported. 
Th se approaches give 2- or 3-base complementary termini, 
which usually ligate less efficiently than the 4-base extensions 
reported here. 

Although our cloning scheme docs not result in a direc- 
tional insertion of the cDNA, the ability to make large 
libraries easily, coupled with a powerful selection procedure, 
makes directional insertion unnecessary. In preliminary stud- 
ies considerable effort was devoted to developing an efficient 
bidirectional transcription unit that would allow either ori- 
entation to be expressed at high levels; but it appears that this 
go ! cannot be easily attained in COS cells because of mutual 
mi .rference arising when complementary transcripts ure 
formed. The library construction efficiencies we observe, 
between 0.5 and 2 * 10 ft recombinants per of mRNA with 
M% background and an insert size >1 kb. compare favor- 
ably with those described for phage vectors XgllO (7.5 x 10* 
recombinants per Mfi of mRNA) and Xgtll (1.5 x 10 6 


recombinants per ^.g of mRNA) ( IS): but the resulting clones 
arc more convenient to manipulate. 

Surface antigen c DNAs can be isolated from these libraries 
using an antibody-enrichment method (12). In this method, 
spheroplast fusion is used to introduce the library into C.'QS 
cells, where it replicates and express its inserts. The ceils 
arc harvested by detaching without trypsin, treated with 
monoclonal antibodies specific for the surface antigens de- 
sired, and distributed in dishes coated with affinit} -purified 
antibody to mouse immunoglobulins (12). Cells expressing 
surface antigen adhere, and the remaining cells can be 
washed away. [This general method of cell selection s known 
as "panning" (25)|. From the adherent cells, a "Hin" 
fraction is prepared (26). and the resulting DNA is trans- 
formed back into Escherichia cttii for further rounds M' fusion 
and selection. Typically, after two rounds of selection with 
monoclonal antibodies recognizing various surface antigens, 
a single round of selection is performed with a single antibody 
or a pool of antibodies recognizing the same antigen (unpub- 
lished results). 

Isolation of a CD28 cDNA. The CD28 cDN A was isolated 
from a library of =*3 x lO* recombinants prepare! from 
cDNA from 0.8 /ig of polyiAT RNA. The libnry was 
screened for CD2S (and other surface antigen) cDN \ clones 
by the method outlined above (121. After the third iransfeo 
tion, COS cells were panned vwtri the 9.3 antibody .done. A 
Hirt supernatant was prepared from the adherent celts and 
transformed into E. colL Plasmid DNA was isolated from 
eight colonies and transfectcd individually into COS cell 
cultures. The presence of the CD28 antigen was detected in 
three of eight transfectcd cultures by indirect immunofluo- 
rescence. All three plasmid DNAs contained an h>ert of 
*1.5 kb. 

cDNA Sequence Analysis. The CD2K cDN A eneodt s a long 
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Fig. 4. Immuntiprccipitation of 01)28 antigen s-ynihcsi/.ed by T 
cells and transited COS cell*. Lanes: I. 3,";ind <T>2« V amigen 
from COS cells, activated T celts. iinU IHMi-AU. cells, under 
reducing conditions: 2. 4, iin d 6. CD2H I'rorvt COS cull>. activated T 
cells, and HPB-AI.L cells, under nonreducing condition*; CI)2ri- 
iran.-tfeelcd COS cells treated wjth anti-OD-t ;m(iboUv. 
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F Uj < RNA blot anulvsis at CDlS-related » rescripts. tO|A 
sources were as follows. Lanes: 1. thyrnoeyie.v. 2- U-W: * Hu 1 1 -8; 
4 T bUst; 5- HPB-ALL; f.. Jurkat J3R7: 7. Namulwa: S.MOU-4. 
■i" HSB-->- H» PEER, and 11. Mrncseeni l rested M cells. RNA sr/a,* 
i in kh» are from pulyiAV standard* (Bethel Research Labors- 
l ones >. 

open reading frame of 220 residues having ihc typical features 
of an integral membrane protein (Fig. 2 V Removal ot a 
predicted 127) N-tcrminal signal sequence gives a mature 
protein of 202 residues comprising an extracellular domain 
with live potential N-linked glycosylate sues (Asn-Xaa- 
Ser/Thr) a 27-amino acid hydrophobic membrane-spanning 
domain, and a 41-amino acid cytoplasmic domain. Compar- ( 
ison of the amino acid sequence of CD 2$ with the National 
Biomedical Research Foundation Database* revealed sub- 
stantial homoloav with mouse and rabbit lmmunogloouhn 
heaw-chain variable rczions over a domain spanning almost 
the entire extracellular portion of CD2S (Fig- 3). Wuhm this 
domain two cysteine residues in the homology blocks Lcu- 
»5er or Thrj-Cys and Tyr-cTyr or Phei-Cys arc shared by 
CD28 CD*. CDS. immunoglobulin heavy- and light-chain 
variable sequences, and related molecules with approximate- 
ly the same spacing (28-30). 

CD28 cDNA Directs the PToductiort ot a Homodimer in 
Tran&fected COS Cells. I mmunoprccipiration of CD2U antigen 
from transfected COS cells was carried out using the mono- 
clonal antibody 9.3 (10). The material obtained from COS 
cells migrated with a molecular mass ot 74 kDa under 
nonreducing conditions and 39 kDa under reducing condi- 
tions (Fig. 4). a pattern consistent with homodimer forma- 
tion Under the same conditions activated T cells give bands 
with molecular masses of 37 and 44 kDa, and HPB-ALL cells 
give bands of 92 and 50 kDa, under nonreducine and reducing 
conditions, respectively. The variation in molecular mass ot 
the material obtained from various cell types likely arises as 
•i result of differing elycosylation patterns characteristic oi 
each tvpe. We have observed similar results with other 
leukocvic surface anticsns i B.S.. unpublished results and ret. 
:2V The nucleotide sequence of the CD28 cDNA predicts a 
mature protein with molecular mass of 23 kDa. much smaller 
than observed in these experiments, and probably attnbut- 
ahte to utilization of the five N-linked glycosyUilion sites 
predicted by the amino acid sequence. 

RNA Blot Analysis- Equal amounts of total RN A prepared 
from cell types expressing or lacking CD28 were subjected to 
r\JA blot Hnalysis as described U2). Four bands i Fijs. 5) with 
molecular sizes of 3.7. 3..V i.-V and L3 kb were visible in 
lanes containin S RNA from thymocytes. T blasts. 
T cells, and the T-eell leukemia cell lines PEER and HPB- 
ALU No bands were detected in lanes containing RNA 
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TbcCU2S f,eiie Is Not Kearrumzed. !)NA Mm anal . ms 1 121 
of ccnomic ON A from placenta, peripheral. ^Uki >mphu. 
oytes. r cells. Hc!a cells, or :he tumor lines usc-a in lie RNA 
blot ar.alv.sis above showed identical Dm I .iiee:-i patterns 
(Fic hi. indieaiinu ;hat rcarranjiomeni is not invw^- d m the 
normal expression of the CD2S jjene durinu de- c ?rmeni. 
Similarly, no ->ross gnomic rearranuement v. u:- ihc 
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The O-linked /V-acetylglucosamine (O-GIcNAc) modification of proteins is dvnamic and abundant in the 

ho U ^e"«heSt onaTro? of ™0 rV^T" Spl ' "™ ^ " -ntafn th^oScation 
.hT^/nf ,h • role of O-GlcNAc m these proteins has not been determined. In this paper we describe 
the use of the prev.ously characterized glutamine-rich transactivation domain of Spi (B-c) as a model to 
rnvesngate the role of O-GIcNAc in Sol's transcriptionally relevant protein-to-protein i^rL^ions" th the 
TATA-binding-protein-associated factor (TAFUO) and holo-Spl When the mnripl «„i „Ah?J 
pressed in pr i mate cel.s. this 97.amino.ucid domain of Spl JL^a^^lL^^ Sue 

actt? J. h TZ"' ^ Ch a " 0Wed ,he mappin S and -""^genesis of this glvcosvlatio^ 

action stud.es between th.s segment of Spl and Drosophih TAF110 or holo-Spl indicate hai the O riri/r 

tTe mutnt? ^T™ '° '"J"?" h >' dr °P hobic '"factions between h se pro eins ln £STJs 


Many cytosolic and nuclear proteins (II. 13. 14. 16. 1") are 
covaiently modified by the addition of monomeric O-linked 
/V-acetylglucosamine (O-GlcNAc) groups. Furthermore, this 
modification has been found to undergo dvnamic changes 
often in a signal-dependent manner (21). Many proteins that 
form multimenc complexes have been shown to be Wvcosv- 
lated with O-GIcNAc (O-GlcNAcyiated), and this modification 
has been compared to phosphorylation (13) with respect to 
controlling protein function. The aspects of proteins specu- 
lated to be altered by modification with O-GIcNAc (0-GlcNAcv- 
lation) include protein-protein interactions (13, 14 17) pro- 
tein stability (12, 29), and subcellular localization '(29)". The 
observation that many transcription factors are O-GlcNAcv- 
lated suggested that this modification mav plav a role in the 
control of transcription (19). To date, there has not been anv 
direct evidence to implicate O-GlcNAcvlation in anv of these 
roles. 

We chose Spl as a model to better define the role of O- 
GlcNAcylation. Spl is an ubiquitous transcription factor that 
plays a particularly vital role in the regulation of transaction 
from TATA- less promoters that commonlv encode housekeep- 
ing genes (25). It is a well-characterized protein composed of 
778 ammo acids. The amino-terminai portion of the molecule 
contains two glutamine-rich domains, each of which is associ- 
ated with serine-ihreonine-rich regions (20). These domains 
are involved in transcriptional activation. The carboxv-terminal 
region of the molecule contains the zinc-finger DNA-reco*ni- 
non domain. Spl is known to be phosphorvlated upon binding 
DNA ( 18), and each molecule of Sp 1 is thought to bear at least 
nine O-OicNAc residues (19). More-detailed analvsis of the 
glutamine-rich activation domains indicates that thev are in- 
volved in both the homomultimerization of Spl (24)* and the 
interaction with TFIID (8, 15). By a veast rwo-hvbrid assav a 
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small region of i»pl (amino acids 424 to 542. the B-c domain) 
has been shown to interact with the TFIID protein TATA- 
binding-protein-associated factor 110 (TAF110) (8) and bv 
using Drosophila cells, this same region of Spl has been shown 
to be involved in self- association (24). Mutagenesis of the Spl 
B-c domain has indicated that the interaction between the B-c 
domain and TAF110 involves the glutamine-rich hydrophobic 
patch present in this domain (8) of Spl and conserved in other 
transcription factor activation domains such as CREB (7) and 
VP16 (acidic and hydrophobic) (5). 

Like Spl ( 19), several transcription factors have been shown 
to be O-GlcNAcylated. With the serum response factor (SRF) 
(26) and c-Mvc (I), where the sites of modification were de- 
termined, modified residues were mapped to the transcrip- 
tional activation domains of these proteins. These findings 
raised the prospect that the O-GIcNAc modification alters the 
ability of these factors to regulate transcription. Indeed 
indirect evidence from an in vitro transcription reaction 
indicated that Spl-dependent transcription could be blocked 
by the GlcNAc-binding lectin, wheat germ agglutinin (19). We 
were further encouraged to pursue this hypothesis by the ob- 
servation that the Spl B-c domain contains a sequence that is 
homologous to the sequence surrounding the O-GlcNAcylation 
site m che activation domain of SRF. The prior characteriza- 
tion ot the interaction of the Spl B-c domain with holo-Spi 
and the coactivator, TAF110. provided the opportunity to ob- 
tain more direct evidence as to whether these transcriptionally 
relevant interactions-involving the B-c domain could be altered 
by the O-GlcNAc modification. To this end, we created a 
model system based on the Spl B-c domain in which we could 
determine if this domain is O-GlcNAcvlated and in which we 
could map and mutate the site(s) of glycosylation. Bv site- 
directed mutagenesis or the use of different expression sys- 
tems, we could alter the degree of glycosylation of this Spl 
peptide and test the effect of this altered glycosylation on the 
known protein-protein interactions in which Spl ensages. Us- 
ing this Spl model in an in vitro protein interaction~assav, we 
found that O-GtcNAcylation of a single serine residue. 'near 
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the_glu,aminc.rich hydrophobic patch contained in this So I 


^■Ok-NAc BLOCKS Spl INTERACTIONS 


MATERIALS AND METHODS 

^^^^ 

dec. Gibnstown. S .L, ^u,r^ t^^tp'^T'^ 

ealactosvitransferasc ^ Drc ^ Sh "f f"' * L " U '' S - V '" '■ The 
OH enure BSC-u ^Ms w ' ^described previously ,33). 

cDNA for glutathione s ".GST)':; PCR 

pGEX vector as a lemolaie such thn. i. 1 , , k , am !" ,r,ed l ™h Pharmacia's 
• 23, between the .W,,,^ S • e The cD^-A .h^ ",™ 3 ™ C, » r 

adds (4M Irt 521 ) of Sol (SpE) was PTR , t ' nC " dt '" i lhe " 7 amin » 

.his GST-modihcd pT\l3 veao" The •rin " l | ■ sc 4 uence ''. and cloned into 
serine 4S4 in Spl was converted 1,1 ,n • H k " SpE c «'^.nUin e «„ 
generate ,he SoS peptid Z m b7na„ ' £cT„- * S "°- d ™ mutagenesis to 

ot the GST-SpE and the GST-SoS ,n """" ' ha ' allowBd 
GSTSnC .-. uai-sps tusion proteins were "enenr.-.i , , n, 

GbT-SpE tus ,on protein and GST were expressed in P ^ , ™ ^ !~ l Thc 
vector and purified on Wurirhi„n . s L " prLV "- u ,n E - '«'' with the pGEX 
protocol. --'u»*i»nc.Septaro« according to Pharmacia's pGEX 

Purificalion of SpE and SpS. Alter infection ot RSfMn r n u 
vnccin.a virus for 36 h. an extract was prepa ,-d bv E ^ w ' recombinant 
twice m extraction butfer containm* ? 0 m vi Tr" " - ? Wms IhC Ccils 

GlcNAc. 0.5 mM EDTA 5 m " \Vn f v 7 ' ^ ' U M Ni;,CI - M 
methylsulfonvl ^ and ^ S T T d " h ' mhrei ""' » - «>» phcnvl- 
ccntrifueation. Glutathione-Senhan s m " I u, *-' rn;,l; " u w -.s collected alter 

heads were collected Z k L° ' hC CTraa fnr ^ m,n ' Th <-- 

Slvccrol and GlcNAc. Gic^rJ'dt ^rTt'^," 1 ™ 1 '"" <hc 
■scribed orcviouslv .33) The GST ' i "*-' ltfd W " h I ' H iS al ''<-''ose as de- 

'hrombtn per ,H fusion oro^f ^ WaS ^ lr " m GST with a U ,„• 

Be™^,S ^PL^r^oT^r D HPLC iKP HPLCi on a 
■ides were hound to the column^ in'^ ^ ^fZ"^"^ ^ 
ing concentrations of acetonitrile as indicated in FiA ? mcd -"h.'""ea.s- 
ntonitorcd bv UV absorptit.n „ 2U nj T nd "he Vl "! ™ 
peptides were detected bv l i( , uld scintilht'ion ' ^, ' H te a '»««*«-I»hel e d glyco- 
gen fraction collected. ' •^'"'"'•'''•'n spectrometry „, a small aliquot of 

Chemical and enzvmatic dieestinn nf SnF if. 
fusion protein and HPLC puriri" on Z ,1 ^ '"l"™'" di " csll,,n 'he 
was then cleaved with cvarS ]Z Z£ C^ ftT' "!" « °' ' hC ™ M < 
: M guanidine HO for 24 I, a, '5™C Afer HPI r ^ '" " '" TFA : '" d 
-ahCed CNBr-cleavcd peptide wa'nen d L,KhH™T„M- ' h '-' 
cadopepttda.se ,„ ■, 5 „ mM Tr : s |oH - ^ f,,,.^. ;o " P r ">™-P«-cmc 

~n-HPL^;- ~ re^rSt 1 - ^ ^ * 
Edman degradation on a BcUman model T 1" ™ ™>™>«« 

equipped with an on-line PTH amino acid analvzer The s^fe'^f ^'""T^' 
determined bv manual Edrrnn ,i..„r, i .• ^ : , 1 : '" ^XCosvlanon was 
Kellve, al. In ,Tc 0^.1? " "' l,h » Jcscrihed hv 

"nine. Sing.e amino^s w^f Z Tr^Z^ 'T ^ :imint: 
The released amino acid Jcrit-,,ivc from , ' 1 dc - urad: " i "" chemistrv. 
neutralized, and .^taS,™^ " ^ ^ dri ^ 
which the |^ b c^ hh eS^r a «^^* ,en * * ** « 

^-ted in',,,. , r l c 


..mice potential ' ;tr„, n r,rrt i,m acqui, 

- h: '^ ra, „ r:in ,., ,„ , „ ' -adrapole lQll . 

•■cuuired and processed with Sciex U vr " ' ' P ^ ™ n Data 

Mair,v.a>s M ed |..^. r = ■-".'-MJi.Mec >oitwarc. version ■ "« 

— --■troseonv i ^ • •'•~—« S h, iM.ALDI-T 

-cmsiFramingham. M^vS ^ ^ , ^ ^ m'"" =' "^'^ B. 
Pies were m.ved w, m ., v, lu r„ -.i . 7 • M ALDI T « F mass ~pectometer. 

water-aeetonitrile l^-'C , iru' 'T;'' I u ^ n "' UhjllnK >^ nnan »« ; * 
=he sample was doited ~. m " ,d T - F ' V A ali - 
..ccon-.piished wi, h ;, „, lri ,,,, '•" c l; ' r ^< : -".zation „f Ihc , : , mnk . 

method was used in : h e ''^ r "f i;r; " cd ; " "">■ A delavcd-extrac 

times through t • j ^ZVT"^ ■» 
-h ., Tektronix ,Heaverto Ore"" odd ^ -rieu 

T^^r r ,h --"^'^t^a^r^- ^ * 

-•vtcrusivclv with and was 

kmdly provided hv R T i™ I T T ^ "-DNA tor D m ^„/„ T.AFi III 
Kudonaea. rnese cD V x " -1 , f ^ Was "indly pr,n-idcd b 
m.Her. The Prome,a TVT K, wh -f, P J"w„s,rea m of the T7 r 

manufacturer to s,-n.hetic dl v i h s'n ^ r 1 m J : « racI ""^ as directed bv 
-S-labeied So. or TaF i fn W ^ AF ' '" ^ I ^ Methionine: 
- a 5..'- slum- of ,!u,a h one Ln b I" ?T ^ ^ ^ * 
OST fusion nrtueins , T"m ^ t' ?." h,ch CqUal ;im,,un,s "' CSI 

heads uere washed I extens.^i h A ' ,,:r a ^ incuh a,ion at 4T 

PAGE samo iel^f ^ Tn e ""'"^ ;UKl ' hi;n hoilcd ! " « 

-ervedhv heads were . 

■ollowne Coomasste blue stamt "J the E e, °" 

Transient transtection of HeLa'cells. He-La cells 1 7 c ni»i 
transrectton. Cells were trvns,ni7.Ml ^-k h ) were used tor ea 

butfered saline resusoen.I ?n n ? . ■ X ilmes wilh cold Phosphat 

^ newborn ca Tu m T w " *" DU ' heCC ° m ° dified Ea =' le m ^'^ P' 
-porter piasm^ , S'™ ( ^ m n Cal4-depende„, lucifera 

proteins, and ^0 of'a l-'l P " P ' aSn " d ^^'ng lhe Gal4 f usi , 
added to the cell, fn< G-.I ' mC " alov,ru , s P-.«lactosidase (30) plasmid we- 
promoter unsown o^he^^^ T T "'T^ Cnn,a, ' ned lhe ^ ian «™ - 
in frame to the eDVA nc^n.^oE or SpS C * ° fCaW 
and 500 uF in a Gene Pulser bIo R . o P t , WCre cleclr °P"raied at 350 
«f !0" cells per weH onto six w l nl R '^T nd - Calif.) and plated at a demit 
-ere harvested and ^ Z V > Sciemifit Allanta - Ga '- Cel. 

posttranstection,"', T^^a r - ".^ ^ ala «"-^^e activities 24 
Jase acm-itv to con, ol t lvasn " rn1a '«ed to the B-galacos. 

-ere done in triplicate '" mniU:a '" n All transfection 

RESULTS 

The Spl model peptide. SpE. is glycosylated. Previous char 

re StnV" j 8 " 241 ind -^"^ar- E he carbo™ na. 
e ,on o the second transcnptional activation domain ( Fi» I ) 

omh holoTnT; Tt , ~° nrer P rote -P^^in interactions with 
o Sol ennrv ' We a ' S ° observed that '"is region 

Srf P t n I " 3 , SeqUenCC reser "blin 2 the sequence in the 
SRF transcnpt.onal activation domain to which an O-GlcNAc 
Mte was mapped (26). As shown in Fig. I. 7 or 9 amino^n 
anifwrus Tnr^ ^ S?L Thc ^° rC - ;l -combinant vac 

GST SnE ft d ' reCt thC CXpreSSi ° n in P rimate ce »* of 

' 5pt tusion P r ote.n (amino acids 424 to 5^1 of SdH 
containing most of the B-c domain was venerated The recom 

ue " line has been U ^d to identirv 0-GlcNAc sites in other 

irom e a n wno,e : celM h ° GST " SpE ^ P r ° tei " ^ -d 
irom a whole-cel lysate ot recombinant vaccinia virus-infected 

hexo SSS k ' dney) C ?" S Under C ° nditi0nS th;lt " 
nexosammidase acnv.tv- , I ) and partially purified bv ttfinitv 

F "IS ° n r iutalhi0n -Seph a rose Ceads. As show'in 
■mi f c T " c,eava S e Slte was enaineered between GST 

CsVs P DE°iSSV?- e S H Par3ti ° n °'' Ihe § P' Peptide from GST 
labeVd P ft O S'a 2 °h" - aluIathi O"e-Sepharose beads, was 
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FIG. 3. HPLC purification of the glycopeptides derived from SpE. The SpE peptide was labeled with [ 3 H|ga!actose and purified by HPLC. The purified peptide 
was solubilized in guanidine hydrochloride and fragmented with CNBr. The CNBr fragments were applied to a RP-HPLC column and eluted with increasing 
concentrations of acetonitrile (the elution gradient is shown as a dotted line). Shown above the UV-absorbance profile are the predicted CNBr fragments of SpE. 
labeled A through E. The eluted peptides were identified by ESMS and are indicated on the UV profile at the positions of the corresponding absorbance peaks. 
One-milliiiter fractions were collected, and the levels of radioactivity in these fractions were determined and are shown in the lower graph. Only fractions containing 
peptide B contained 3 H. indicating that peptide B harbors the OGIcNAc-modified residue. Tne arrow indicates the O-siycosyiation site. 


native Spl. Of note, the homologous serine in SRF that bears 
the O-GlcNAc modification corresponds to serine 489 in Spl 
(Fig. 1). Thus, it appears that Spl and SRF differ in the precise 
serines recognized by the O-GIcNAc transferase. Nevertheless, 
these modified sites are close to each other and both occur in 
the transcriptional activation domain. 

Characterization of the peptide mutated at the O-GlcNAc 
site (SpS). The serine residue that was determined to be the 
dominant site of O-GlcNAcylation in SpE was mutated to an 
alanine residue by site-directed mutagenesis to generate a pep- 
tide termed SpS. The GST-SpS fusion protein was generated in 
parallel with GST-SpE with the vaccinia virus expression sys- 
tem. Both the SpE and SpS peptides were purified by HPLC 
and both were subjected to an amino acid analysis to deter- 
mine the degrees of glycosylation of these peptides. No glu- 


cosamine was detected in the SpS peptide. By contrast. SpE 
contained 0.7 mol of glucosamine per mol of peptide. 

These results were confirmed qualitatively by MALDI-TOF 
mass spectroscopy and ESMS (Fig. 5). The MALDI analysis 
(Fig. 5A) of SpE expressed in vaccinia virus revealed the pres- 
ence of two major species having molecular masses of 11,916.3 
and 12,118,4 atomic mass units, which differ by 202.1 atomic 
mass units. This difference in mass is consistent with the pres- 
ence of a single O-GlcNAc residue (203 mass units) on the 
larger peptide. The same peptide expressed in £. coli had a 
mass determined to ue 'n.;uo 'atomic mass units, t^ood on 
tne Known amino a^iu aequw*.*. u op£, The pieaicieu molec- 
ular mass is 11.919.4 atomic mass units, in close agreement 
with these determinations. This result indicates that the only 
difference between the vaccinia virus- and bacterium-expressed 
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FIG. 4. Manuai Edman degradation was performed on the fragment or SpE 
containing the [-'H)gaiactose-iabeled CJ-GlcNAc. The HPLC-punried peptide 
was identified by automated N-terminal sequencing and ESV1S. The (-'Hlualac- 
tosc-labeled SpE fragment was immobilized on a membrane disc, and the radio- 
activity eluted from the membrane-bound peptide was determined for each 
Edman cycle. The graph shows the radioactivity eluted at each cycle and the 
corresponding amino acids, as determined by automated peptide sequencins of 
the same peptide. The majority of the ~H was recovered in cycle 4. corresponding 
to serine 484 or Spl. 


SpE peptides isihe presence, in the vaccinia virus material, of 
a peptide about 203 mass units larger than that in the bacterial 
product. This result implies that the vaccinia virus SpE does 
not contain any covalent modification, other than the addition 
of O-GlcNAc. that would result In a molecular mass shift. 
MALDI analysis of SpS expressed in vaccinia virus yielded a 
molecular mass of 1 L.S99.2 atomic mass units, which is appro- 
priately 16 atomic mass units smaller than the mass of bacte- 
rially expressed SpE, predicted to result from the serine-to- 
alanine mutation. In all of the samples, a small peak 
corresponding to an additional molecular mass of about 210 
atomic mass units is evident. This species likely represents a 
chemical adduct resulting from the interaction of the peptide 
with the matrix used for MALDI analysis but may also repre- 
sent the presence of a second, minor O-GlcNAc site. 

To obtain further indication that the additional molecular 
mass of SpE expressed in vaccinia virus results from the addi- 
tion of O-GlcNAc. we made use of ESMS. During ESMS 
analysis, ionization resulted in the release of a considerable 
fraction of the (9-GlcNAc from the glycosylated peptides. 
Shown in Fig. SB are the ESMS scans from 190 to 400 mtz of 
these peptides. While a signal corresponding to the released 
GlcNAc (204 mass units) was detected with SpE. no GlcNAc 
signal was detected with the SpS. Thus, the 203-mass-unit 
increase in the vaccinia virus SpE can be accounted for by a 
single GlcNAc. Moreover, these results further support the 
identity of the serine corresponding to Spl residue 484 as the 
dominant site of O-GlcN Acylation of the SpE peptide, because 
mutation of this site almost abolished glycosylation of the pep- 
tide. 

In vitro TAF110 and Spl protein association assays. The 
Spl B-c domain has been shown to be involved in the homo- 
multimerization of Spl (24) and in the interaction of Spl with 
TAF1 10 (8). By varying the state of SpE O-GlcNAcylation. we 
could study the effect of this modification on the ability of the 
SpE peptide to associate with either holo-Spl or TAFUO. 
GST-SpE expressed in E. colt is not glycosylated nor is GST- 
SpS when it is expressed in vaccinia virus, whereas at least 70% 
of the GST-SpE molecules expressed in vaccinia virus are 
O-GlcNAcylated. Equal quantities of these fusion proteins 
were immobilized on glutathione-Sepharose beads and incu- 
bated with Drosophila TAF110 or human Spl that had been 


expressed as "S-labe!ed proteins with a Promega TNT wheat 
germ extract kit. Wheat germ lysate does not O-GlcNAcylate 
proteins (31) and did not glycosylate the SpE expressed in £. 
coli. On the other hand, rabbit reticulocyte lysate has been 
shown to contain an O-GlcNAc transferase (31) and did gly- 
cosylate SpE to an undetermined extent. This difference' in 
synthetic extracts was considered, because the interaction assav 
required that GST-SpE be exposed to these extracts during the 
binding studies, which possibly resulted in the glycosylation of 
the GST-peptide to an indeterminate extent. The use of the 
wheat germ system obviated this concern. The ;,5 S-labeied 
hoio-Spl or TAF110 contained in the TNT reaction was 
incubated with the immobilized GST-peptides. allowing us 
to directly compare the interactions with the variously O-Glc 
NAcyiated forms of SpE. As shown in Fig. 6A. essentially 
equal quantities of the GST-fusion proteins were loaded onto 
the glutathione beads. GST alone and rhp olvcosvlated form of. 
GST-SpE that had been expressed with vaccinia virus tailed to 
bum eitner noio-api mg.'6B) oTTAhllO (Fig. 6C) signifi- 
cantly, in contrast, the bacteriallv expressed unelvcosvTated 
GST-SpE. whose amino acid sequence w'n S identical to that of 
tne virairy expressed GST-SpE. bound both Snl (Fig. 6B) and 
TAFUu'(NgVoi,). bimiiarlv. the ungiycosylated mutant GST- 
SpS- even thouah it was expicbbcu m tne vaminia vims svstem. 
bound Spl (Fig. 6b } to approximately the same extent as" the 
wild-type bacteriallv expressed peptide. Virally expressed 
GST-SpS also bound TAFUO (Fig. 6C) to a significantly 
greater extent than did virally expressed GST-SpE; however, 
SpS was le<:* effective at binding TAFUO than unaivcosylated 
SpE was. Inese results inuicate tnat tne mutation at the gly- 
cosylation site, while blocking glycosylation. was largely per- 
missive for protein interactions with both holo-Spl and 
TAFUO. That the ungiycosylated wild-type and mutant model 
peptides still interacted with Spl and TAFl 10 suggests that the 
mutation at the glycosylation site did not significantly alter the 
conformation of the protein compared to that of the wild-type, 
ungiycosylated form of SpE. These results indicate that O 
glycosylation of the Spl model peptide corresponding to the 
B-c activation domain prevents this glutamine-rich domain 
from hydrophobic interaction with the glutamine-rich interac- 
tion domains in TAFl 10 and Spl. 

In vivo studies of the effect of the O-GlcNAc site mutation. 
To determine if the mutation in SpS had an effect on tran- 
scription in an intact cell, both SpE and SpS were fused to the 
DNA-binding domain of Gal4 (amino acids 1 to 94). The 
fusion proteins were transiently expressed in HeLa cells under 
the control of the simian virus 40 promoter. The plasmids 
carrying genes encoding these fusion proteins were cotrans- 
fected into the cells with a luciferase reporter gene containing 
five copies of the Gal4 binding site placed upstream of a min- 
imal promoter (Fig. 7). Unfused Gal4 activated this reporter 
minimally, while as reported before (8). Gal4-SpE was sixfold 
more potent. Gal4-SpS activated reporter function in a manner 
that was indistinguishable from that of SpE (Fig. 7) ja!4-SpE 
(8) and Gal4-SpS also activated the Gal4-dependen. reporter 
similarly in Drosophila Schneider cells (data not shown), a cell 
line that does not express endogenous Spl. Gal4-SpE. ex- 
pressed with the vaccinia virus system, is glycosylated, as was 
determined by the galactosyltransferase method (data not 
shown), so we presume that the GaI4-SpE transiently ex- 
pressed in HeLa cells is also O-GlcNAcylated. 

DISCUSSION 

The domain structure of the transcription factor Spl has 
been well-defined (3. 4. 20. 24). Two transcriptional activation 
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FIG. 5. Mass spectroscopic analysis of the SpE and SpS peptides. (A) 
MALDI-TOF analysis of the SpE and SpS peptides. The peptides were ex- 
pressed as GST fusion proteins cither in the vaccinia virus system (V) or in E. coli 
(B). The GST fusion proteins were affinity purified on glutathione-Sepharose 
and then cleaved from GST with thrombin. The released peptides were analyzed 
on a MALDI-TOF mass spectrometer. Indicated on the mass spectra are the 
molecular masses of these proteins as determined against external molecular 
weight standards. The predicted average molecular mass of unmodified SpE is 


domains have been mapped to the N-terminal region of the 
molecule. These domains, termed the A and B domains, are 
glutamine rich and flanked C terminally by serine-threonine- 
rich regions. The B domain has been shown to confer two 
properties on Spi. First, the B domain is involved in the ho- 
momultimerization of Spl. thereby allowing superactivation of 
Spl-dependent transcription (24)'. Second? the B domain in- 
teracts with TFIID through a protein whose homolog in Dro- 
sophila melcinogcister is TAFl 10 (S. 15). These interactions 
appear to require hydrophobic residues in the glutamine-rich 
region of the B domain (S). These well-defined structure-func- 
tion relationships in Spl prompted us to create a model system 
to test the role of O glycosylation in these transcriptionally 
relevant protein-protein interactions. The need for this model 
was dictated by this rather complex structure of Spl. Spl is 
estimated to contain at least nine O-GlcNAc modification sites 
( 19) and is also phosphorylated. These modifications may sub- 
serve different functions of Spl. We therefore confined our 
studies to a well-circumscribed segment of Spl, the B activa- 
tion domain. When the B domain of Spl (SpE) was expressed 
in primate cells with recombinant vaccinia virus, we found that 
it was predominantly modified by a single O-GlcNAc residue at 
a serine corresponding to serine 484 in hoIo-Spl. This site was 
established both directly by sequencing the [ 3 H]galactose-la- 
beled peptide fragment that had been identified by mass spec- 
troscopy and indirectly by mutating the modified serine residue 
and showing that the SpE peptide could no longer be glycosy- 
lated efficiently. This site of Spl O-GIcNAcylation was close to 
a homologous site of glycosyiation that had been mapped in 
the activation domain of the SRF (26), compatible with a 
similar role for <9-GlcNAcylation in Spl and SRF transcrip- 
tional activation. While O-GlcNAc sites have been mapped in 
other proteins that had been expressed in similar systems (1. 
26), we cannot definitively state that the site we mapped in this 
peptide corresponds exactly to the site in the native protein. 
Nevertheless, the site in SpE appears to have been glycosylated 
with considerable specificity in that neither GST alone nor a 
similar-size segment of Spl was glycosylated. SpS was ineffi- 
ciently glycosylated, and SpE was glycosylated in this system 
when it was expressed as a fusion partner with the DNA- 
binding domain of Gal4. In any event, this mapping allowed us 
to characterize and mutate the SpE peptide so that we could 
use it as a model to determine the effect of O-GlcNAc on SpE's 
known protein interactions. 

The observation that the B domain of Spl is <9-GlcNAcy- 
lated when it is expressed with vaccinia virus provided us the 
opportunity to directly assess the effect of this O-GlcNAcyla- 
tion in Spl-protein interactions. The interactions of SpE with 
either holo-Sp 1 or TAFl 10 were assessed by an in vitro protein 
interaction assay. Similar assay systems have been used to 
assess transcriptionally relevant interactions between other 
proteins (10, 27). and results h ave been confirmed bv in vivo 
studies (2S). The in vitro interaction conditions were optimized 
to prevent nonspecific interactions between TAFl 10 or Spl 
and the glutathione-Sepharose beads or unfused GST protein. 


1 1.919.4 Da. that of unmodified SpS is 11.903.4 Du. and that of SpE modified 
w.th a single O-GlcNAc is 12.122.4 Da. (8) ESMS analysis of SpE and SpS. 
Wild-type SpE and the peptide containing a serine 484-to-alanine mutation 
(SpS) were expressed as GST fusion proteins in the vaccinia virus svstem. The 
peptides were cleaved from the GST and HPLC purified prior to ESMS. The 
upper graph shows the mass spectrum through the 190- to 400-m/z range of SpE 
and indicates the presence of the 204-m/z GlcNAc signal derived from SpE. The 
lower graph is a scan of the SpS peptide at the same range and indicates the 
absence of the 204-Da GlcNAc signal. 
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Second, the in vivo glycosylate states of SpE and SpS mav 
indeed differ, but the interactions required for transcriptional 
activation arc not sensitive to the glvcosvlation state. For the in 
vivo system, we cannot distinguish these possibilities. However 
we have shown that Spl does become hvpoelvcosvlated when it" 
is exposed to nuclear extract (12). and an'd-GlcNAc-specific 
glucosaminidase in the nucleus has been described (6) Thus 
the O-GlcNAc modification of GaU-SpE mav be transient in 
vivo (see below), thereby permitting transcriptional activation 
oy the wild-type peptide. 

The protein-protein interactions that are required for the 
creation ot a transcriptionally competent complex at the ap- 
propriate position on the DNA can result in a verv stable 
complex. With the TFIID complex, which includes the TAT A- 
bind.ng protein and associated TAFs. these protein interac- . 
tions are sufficiently stable in an aqueous environment to pre- 
vent their dissociation except by the .use of chaotropic agents 
(•j2). The intrinsic stability of these protein complexes raises an 
interesting problem with regard to those nuclear proteins like 
bpl that homomultimerize. These proteins are svnthesized on 
polysomes in the cytoplasm and therebv attain significant local 
concentrations during and immediately after svnthesis The 
problem is. then, how these proteins are prevented from as- 
sembling into homomultimeric complexes as thev are pre- 
sumed to do in the nucleus upon binding DNA. In 'this paper, 
we demonstrate that O-GlcNAcylation of the Spl B domain 
model peptide prevents the interaction of this peptide with its 
parent protein. Spl. Removal of the sugar either bv mutaeen- 
6Sl f n% m ! "P ression of the Peptide in a svstem that does 
not O-GlcNAcylate is permissive for protein interaction. As- 
suming that the behavior of the Spl model peptide mav be 
representative or that of the nonprotein, then O-GlcNAcvla- 

!mJ^V ,? mCanS °l P reventin ? inappropriate homomul- 
time izat.on during or after translation in the cvtoplasm. Since 
O-GlcNAcylation has been shown to occur cotranslationallv at 


Under these conditions, the interaction studies indicated a 
dist.net difference between the behavior of O-GlcNAcvlated 

unltl iVT ° l ' tS u r° dified t0rm - Whether the Pra'ein was 
unmodified as a result of its expression in E. coli or as a result 
of a point mutation at the glycosylate site, the unmodified 
h«.« Tf P 'T?^ f0f the inter ^tions of the B domauTwi h 
holo-Spl and TAF110. In sharp contrast, when the model 
peptide was O-GlcNAcylated. binding of both holo-SpT and 
10 virtually completely abolished. This protein inter- 
action model based on the B domain of Spl strongly ue" e t, 
that one role for Spl O-GlcNAcylation is in thecontfofo 
protein-protein interactions. • 

The in vitro interaction studies indicate that a mutation of 
the predominant O-GlcNAc site in SpE is permissive for iS 
teraction with holo-Spl and TAFl 10. In HeLa^el the mu 
ation at this sue in SpE did not have a significant impact on 
he actuation of transcription, as was shown bv the ability of 
the SpS pept.de. when fused to Gal4. to activate a Gal4^°- 

rfrfM/ 61 ? 0 " 6 /^"^"- ,he in vitro Predict that 

O-GlcNAcvlated SpE should not activate transcription be 

SoTl ta^'.^v" thi$ f0rm - d0 " not interact with 
3nd 0thcrs (8) have sh » w " that this 
modifiable segment of Spl does activate transcription both in 
HeU and in Drosophda cells. Broadly, there are rwo explana- 
.ons tor the indistinguishable behaviors of SpE and SpS in 
these cells. First, the glycosylate states of SpE and SpS in 
v.vo may be the same because either SpE is never glycated 
SpE is deglycosylated. or SpS is glycosylated at some other site 
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least for the nucieoporin p62 (31). then the problem of Spl 
muitirnenzation may be averted bv the O-GIcNAcvlation of 
this protein during its synthesis on the polvsome. The preven- 
tion of cytoplasmic complex formation through O-GlcNAcvla- 
uon may be necessary for proteins destined" for the nucleus 
since the nuclear pore does restrict access to the nucleus 

Within the nucleus, problems mav also arise as a result of 
untimely or spatially inappropriate protein complex formation 
Following entry of Spl into the nucleus. Sol mav interact in 
the nucleosol with the same proteins with which it normally 
interacts on the DNA template. There is indeed some indirect 
evidence that such inappropriate interactions can occur under 
experimental conditions. The phenomenon of squelchin* i n 
which general transcription, even from senes lacking Gal4- 
binding sites, is impaired by the overexpression of Gal4 was 
described some years ago (9). This squelchine phenomenon 
was believed to result from the interaction of the Gal4 activa- 
tion domain with soluble general transcription factors, therebv 
titrating these factors away from the senes with which thev 
normally interact to activate transcription. Extrapolating from 
our Spl peptide model, we propose that O-GlcNAcvlation of 
Spl and perhaps other transcription factors misht prevent such 
ectopic protein-protein interactions. The corofiarv of this pro- 
posal requires that the O-GIcNAc modification 'must be re- 
moved to allow the essential interactions between transcription 
factors to occur on the DNA template. We speculate that the 
removal of O-GIcNAc from the interaction domain mav occur 
ma DNA-dependent manner upon the binding of Spl to the 
GC box. Since Spl is already known to underso phosphoryla- 
tion upon its binding to DNA (18), other DNA-dependent 
modifications of the protein mav occur in conjunction with 
phosphorylation. Indeed, there is indirect evidence supporting 
the concept that O-GlcNAcylation mav flip-flop with phos- 
phorylation. Examples are the O-GlcNAc site in c-Mvc that 
corresponds to a known site of phosphorylation (1) and the 
carboxy-terminal domain of RNA polymerase II that appears 
to alternate between phosphorylation and O-GIcNAcvlation 
(22). Our model would predict the existence of a hexosamini- 
dase whose activity towards Spl is controlled in a manner that 
senses the binding of Spl to the GC box on the DNA The 
removal of the sugar would then permit DNA-dependent tran- 
scriptionally relevant protein complex formation. 

This model for the role of O-GlcNAc mav also contribute to 
the specificities of protein interactions. If it were necessarv for 
Spl to bind to DNA before it was deglvcosviated. then the 
O-GlcNAc on the Spl not bound to DNA would prevent Spl 
from entering into nonspecific hydrophobic interactions with 
other transcription factors that do not bind to the same pro- 
moter but contain glutamine-rich activation domains While 
other structural determinants in Spi mav also contribute to 
this specificity, the occlusion of the interaction domain bv 
O-GlcNAc until Sol bound DNA would increase this specific- 

We have recently proposed another role for Spl O-Glc- 
NAcylation. We created, through glucose deprivation and 
cAMP activation, a condition in cells that resulted in the hv- 
poglycosylation of Spl and other nuclear proteins. Under these 
conditions of hypoglycosylation. we observed the rapid prote- 
olysis of Spl by a proteasome-like mechanism (12). We inter- 
preted this degradation of Spl as a means of shutting down 
general transcription of housekeeping genes under stress con- 
ditions to conserve nutrients. Whether the control of this pro- 
teolytic process is related to the role of O-GlcNAc in prevent- 
ing protein complex formation is not clear. However it 
remains possible, based on the Spl model described in this 
paper, that hypogiycosylated Spl enters into protein complexes 
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that are recognized by the proteasome as inappropriate P) 
Taken together, glycosylate may allow Spl tc . fema stable 
and free o complex tormation. This soluble form of Sp mav 
servo as a latent reservoir of the transcription factor. Such a 
reservoir rmgnt be requtred at points in the ceil evele at which 
transcription is quiescent, such as during the S phase and 
mitosis. The cell cycle-dependent ( 13) and sienai-dependent 
-1) changes that have been observed in protein O-GlcNAcv- 
lation might reflect this postulated role for this protein modi- 
fication. .Although our studies provide direct evidence for a 
role ot O-GlcNAcylation in prevention of protein interaction 
there are other possible roles for O-GlcNAcvlation that have 
been hypothesized (13). Indeed, because Spl is multiplv Gly- 
cosylated, there may be other roles for this modification even 
within this one molecule. 
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Human SPABC ha* been cloned by the polymerase 
chain reaction from an endothelial cell cDNA library 
and expreaeed in Escherichia eoli a* a biologically ac- 
tive protein. Trans crip t i onal expression of the insert 
cDNA was 1 — iKii ozt the activation of the T7 RNA 
polymerase piiMUihn by isupwpjrlgalactopyranoeide. 
Two forms of JWotehftsmBt SPABC (rSPARC) protein 
were muwial BLfiKHES) B- eoli after transfor- 
mation with the yjesmHri pflPABCwt; a soluble, mono- 
meric torn of i^PARC and an insoluble, aggregated 
form seq«es4aMd in inclusion bodies. The isolation of 
the soluble foam of rSPABC was aooomplished by 
tin i nn itii ilimigSt nickel-chelate affinity, and gel filtra- 
tion chxojnatoapaflhiee. The isolated protein was an 
intact, full-length polypeptide of 298 amino acids by 
the following criteria: N-terminal amino acid se- 
quence, reaction with anti -SPARC immunoglobulins 
specific tor N-terminal and C-terminal sequences, and 
interaction of the C-terminal histidine tag of rSPARC 
withajiickel^heltftB affinity resin. Circular dlchroism 
and Intrinsic fiuopescence sp e c tr o scopy indicated that 
the conformation of rSPARC was dependent on inter- 
action with Ca 9 ^ ions. The recombinant protein inhib- 
ited cell npraratlng and bound specifically to bovine 
aortic endotfc&tf&l cells. Levels of bacterial endotoxin 
(<18 pgfpg 1&PABC) present In rSPARC preparations 
were below the threshold that affects the behavior of 
these endothelial cells. These conformational and bio- 
logical properties of rSPARC are consistent with pre- 
viously describe*! characteristics of the native protein. 
The puHfleaftfcin eS biologically active rSPARC, as well 
as mutated forms of the protein, will provide sufficient 
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quantities of protein for the determination of struc- 
ture/function relationships, c jb» Ac*d*mic P >»— , U>«=- 

Key Word*: SPARC; BM-40; osteonectin; recombinant 
protein expression; bacteria; protein folding; nickel- 
cheiate affinity chromatography; vascular biology; ex- 
tracellular matrix. 


SPARC (secreted protein acidic and rich in cysteine) 
is a secreted glycoprotein that interacts with cells and 
extracellular matrix components (reviewed in 1, 2). The 
expression pattern of SPARC during vertebrate em- 
bryogeneais, as well as in tissues undergoing remodel- 
ing and repair, is consistent with a fundamental role 
for this protein in tissue morphogenesis and cellular 
differentiation (3). SPARC, the translation product of 
a single gene (4), has also been termed BM-40 (5) and 
osteonectin (6). To date, the precise function of SPARC 
has remained elusive. A recent report has indicated 
that SPARC is a source of copper-binding peptides that 
regulate angiogenesis (7). The specific degradation of 
SPARC into fragments of diverse biological activity has 
provided an attractive model by which SPARC might 
affect vaacular growth and remodeling. 

Preparations of SPARC from cells and tissues have 
often been compromised by the activities of endogenous 
proteinases (5). In addition, SPARC is conformation ally 
labile and undergoes significant loss of activity, pre- 
sumably because denaturing conditions are often em- 
ployed for the extraction and purification of the protein 
(5, 8, 9). This instability is likely due to flexible seg- 
ments of the protein (10). Moreover, SPARC isolated 
from human platelets (11), or from the conditioned me- 
dia of cells (9), is often contaminated with platelet- 
derived growth factor, a mitogen and chemokine that 
binds specifically to SPARC (12). 

Together with its acidic pi of 4.5 and high content of 
nonpolar amino acids (41%), several characteristics of 
this intriguing polypeptide indicate a dynamic struc- 
ture that responds to fluctuations in physiochemical 
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EXPRESSION OF RECOMBINANT human SPaBC iv * A 
stimuli. To understand how the va ■ " 
tifs of SPARC d terr^i™ ? 5 n0US st ^tural mo- 
have de8igne $ a d b ^ ? p ^sr 1 r p rties ' we 

quantities of the r combklS2 ^ to 
chemical 8 tudie 8 . We ~n h P / 0 f w 3uf ^ient for bio- 
of SPARC display b P-parations 
activities that are consistent^ ^ COI *>raiational 
protein produced byTa^^ ce^T ° f 


EXPERIMENTAL PROCEDURES 

*2 '°£SL ty h ££ rS; Cil Vr -» ^ A librae 
WA). The plaam^d p^^^ D ^ f r Jr OBB r etiC3 ' InC - (Sea "^ 

(PBS)' * fl8 p urchaaed ^ HyClonHl rrt 3erU ™ 

modified Eagje'. medium (DlS ^f""' UT) an °" Dulbecco's 
Uui*. MO). *«^Z2ZZ^*^*^ ***** «t. 
gaae. and Ttuj polymerase ^ ^ ^ ^ T4 DN A K- 

heim (Indianapolis, IN). NwSta^T?''^ Boehri "B=' Mann- 

Flow ion-ex^ange ™i n J Ts^f 70 nd f EAE- Se p haroseFaat 
Pharmacia (Piacataway. NJ) dZLm , S « fi "'ation resin f rom 

0 ~S Ch.le» V andXat gfSS ^ (EC °" 

^n»dlTD TO Bio-Rad (Foster City CA) A™ ~ ir 8:013 were ac " 

tomycin aulfau,, ^ carbemdHi,; t ? P eai «Uin G, strep- 

Height,. IL). AEBSF waa purchaaed W, r^K u" ham (Arlin ^" 
AiWu, amebocyt* ™ Ca Jbl °<*em<La Jolla. CA). 

B-ad kit -era purchaaed fromlSce SSCtt,"^ ^ l0d °- 

th-lial «11 pZEM-2280: cD^A jK^^, humM vd » «"do- 

^ polymer™, i„ a pp^raaeT. * Muwda " Opiate for 
oligonucleotide prim^T^^t ? action <FCH). One pair Q f 

GATCACAAGATCCT^'o^^'^C^CGGCTACTCGAG- 
and 2 cyclM (94 -C, 1-6 ^ ^ "fj*. 0 * ^ Polymeraae wa* ..dded 

Permed. Th« rasultanTSlSNA^SJ ^' ? of *e« 
phonada through an agaroae «1 and ?l 7^ -T 0 '^ ^ e,ec *°- 
and ieolaw with ^araae!^!; S^JhSif? ^ T 

recognition aita for the reatrirtion . .a i , Pnmer L inferred 

nucleotide primer R confer^ X„ff SP R " DNA P«duct. OK &0 - 
rSPABC PC^DNA P^^n^ " the 8 ' «™« of 
expraasion plaamid pET-22b JZTZTi pr0duct ^ *e bacterial 

pSPARCwjldtype (pSPARCv^Co^,^ ^ rBCOmb i"«nt plaamid 

J Abbrsvjaciottfl used* ajpbcc 
nd. BAE. k^ne JiclKdS^if^--^ 
»pper protain reagent; BSA bovitTJ 2 -2 -bicinchoninic acid 
dichroism Bpsctroacopy' DEAE di^nf , ™ aIbumin; CD - ««ular 
modiflsdirgia', m^bTT ir"? 1 DMEM ' Dulb »- 
diaminetetra^tic acid; FB™ fetal bovi 61 EDTA ' oth y le »«- 

all**; P 01 ^ 0 "" taction! SDS^AGf: , ; nitri ! 0t J riaC - 
aulfate-polyacrylamide gel alectrophoresis ' SOdlUm dodec y' 


through a gradient of CaCl. Dideoxv DNA . 
analys.8 confirmed that th« PCR r,M 4 ^ Uenc,n S 3 «d aubs, 
SPARC M d that che codL l ' ° NA prod ' JC ' ""coded Y 
frame f 0r proper e^SoTH "'^ in the „ 

reported (CnBanfc P^7 4 86M " . uj h pSf>ARC - — 
CnwM onrf e*prt*Uo n of recombinant SPAPr , 
MBht culture of pSPARCwt in BL2?iDE3i ^ C . t- """^- An 
a d,lut, on of 1:50 into Luria broth 7j°2^ f, T'' W3s inoc «'»'- 
bacto-yeast extract. 0.5% w/v V a rn T , batt °- r -0-ptone. O.SS 
glucose and 50 Mg / m | carbeniciH.n Id"^ ^ th 0 

Brunswick BioF,o-C32 ferroen " wf th fu T 8 ^ " in a 
at 500 rpm. The P H „f the medium 1 aeraC ' 00 ° nd 
-tic addition of HC. or NtoT^ Z^r* " 7 ° by 2 
Isoprop y lg a l actopyranosid .iptci wTs SV Um " WaS 13 11 
■on of I mM to mide.ponenti^pha^ ^ufoD " ""V C ° nCer - 
culture * aa for an 3 6 h Th n ~ °- 5) . a "d 

by centrifugation a t 7000^ r«u-n J -i • ° ls were rec ° v < 
Phosphate , pH 7.0, tJ.X'S^io? "° 7 1 ° f 10 «* 
two cycles in , f renc h prM8 ^mLT'^ ' " nd disru P te ° 
rials w ere S ep arated bv cen^ f. P ' Ubl<! 3nd "'nsoluble m- 

So.u b .e exacts „1 5,^ a . h |o ^ , il ? , - , S{.' br 30 ^ ^ 

7 ^^tl^csft^^ — c r ere — - 

7.6). 10% B l yceroI (v/v)J ln ,,i* r . A . 19 " mM 3od,u >" phosphate ( 

soluble inhibitor of senni D lL a p n r d " * m * 1 ^SF. » ^ai 
Sepharose Fa st Flow anion K mi,,i,lt <-" of-Wled DBA 

«» the same buffer w L ad7 e ^rd g r Sin ' ^""^ 
for 12-18 h at 4°C Th^lurt! " f ""^ Wa " stirred Jen. 
matography column ,2 x fcT ir 5 ^"^^ P ° Ured int ° » ch, 
J* a ppro* matel y 2 2 S0 X ^ 0 7 u tr7V„° OD 1 "' ^ 

The column waa developed at 3 «, /„• l . ODa » Was <0-0 
ml of buffer A to 250 rnT of buff a Tu" 11 * lm " ar «» di «»t 
Frac« ons of 8 mi ^ ™ A ^ C °? ti,ined <>- 5 » N'^C 
with a fl 0w ceU eouSd to TS'm^'> Umn , -,U,,U ^ monit0 ^ 
recorder [full scale - i 0D ) ^ 1 " ,0mtor at 28 " "m and to a eha, 
monitored with a cond«rr I 10mC Hren 8 t " of che eluate w a 
rSPARCelutedat a / a H c r y Under these condit.J 

tivity of lL 20 IX, f rat '° n 10 -° 25 fcond"; 

at -80»C. Fraction!' ^Z^T^A? $ ™ K P ™ ^ 
adjusted to 0.5 M NaCl by the aT*t rSp ARC Were pooled and wen 
tivity of the sample was eouiv a < J *? 1° M NaC1 Unti ' the c "" d ^ 
(0.5 m NaCl, SO raw soX^oh™^ . ^ c ° n « , "«^*y of buffer E 
natively, bound pZl Z^tT T i*™' 1 pH 7 8) " AJt «" 
with 50 ml of buffer A t^t c 0 „ ta DEAE "Seph a r 0 se resin 

to a final concentration of 02 -Mf " AEBSF WaS added 

sample was added to 3-5 m ^ Z ,T * M ° n of 0 2 »■ Th. 

slurry of Ni-NTAmetal-chelatr/ffi / ' Jriglnal cu,ture) of a 5f >% 
ture w aa adjust , d ™ **g f^^'tywn iQiagvn,, ^d the mix- 

Blurry w as poured u^cl^St*" ? ^T" 8 f ° r 1 h at ^ the 
lo^ed to settle at ^ ,„ d 0t0 ^ a P»-V column 1 x 1 0 cm , al . 

S at0.5ml/ min un«l"h.ODlt^^ 

-pecifically bound to the re 5 i "orTo rSP^r 1° ^ ^ ^ Mn ' 
column volumes of buffer R L , ^orAKC ivere removed with IS 
wa. < 0 .oi. rSPABC w„ a.fh * f P " 6 0 0r until the OD.„ 0 

20 .1 of buffer f adjust t Se D q H e S n " V ""^ fr ° m * he 
-80-C. ^ ° IO ph S - an <= w«s 3tnrt.l in a ! lquols at 

Monomers of SPARC 

ol^mers by chrLafo^aph y « P 4»C 8 thr r ™V ime "- ^ 
tion resin (1.6 x 60 emi fJ , «n i hrou « h S "P«rd.,x-70 gel filtra- 

0.16 m NaCl, at a flow m ",f 0 ?*, Tr '^. HC ' ' pH « ntai "'"? 
the column was c a " br a t e ^ ? 0 ,°;i m ' U " der *»« conditions! 
cytcchron.e e. and f Hlproline ' el " li ° n "™ "«t^„: 

loXVnTtr^^^ 

Ni-NTA column e.ution ^ " ^LtrrS^TK; 
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buffer to 3 ml, and applied to the top of the column. The exchange 
buffer, e.g., DM2M, was applied to the column (10 ml), and the 
protein erating in the void volume was detected by a flow cell coupled 
to a uv monitor (280 nm) and a chart recorder. The use of sterilized 
exchange buffi*? resulted in preparation* of rSPARC that were suit- 
able for cell cottar*. 

Preparation* of rfiPARC uaed in tissue culture experiments were 
evaluated for bacterial endotoxin content by the Limulus axnebocyte 
lysate aaeay (15). Samples and standards were incubated with lysate 
for 10 min at 3TC m a microti tar plate and subsequently with Ac- 
ne-Clu-Ala-Are^Kninroaniline for 6 min. Hie reaction wag termi- 
nated by the addition of glacial acetic add to a final concentration 
of 8.3% (v/v). Ilia release of p-nitroeniline was measured photometri- 
cally by the asmrbtoce at 406 am. 

The amount of rSPARC at each step of the purification was deter- 
mined by den alUuii e u lc srarm rng of SDS-polyecrylamide electrophc- 
re tic gels stained with Coomaaaie brilliant blue R-250. A standard 
curve was gexwratad by plotting the percentage of area of rSPARC, 
calculated, from tba **ar*niv%g of photographic negatives of 1, 5, and 
10 rSPARC at 00O nm with a Bee km an DU spectrophotometer, vs 
protein maas. Flu 4 g! l ■r^iH negatiTas of 9DS gels containing soluble 
lyaotea and DRAR-Sepharoee fractions were used to calculate milli- 
grams of rSPARC aad the percentage of area for the 34- to 38-kDa 
fraction. 

Circular dickrvUm apectrovcopy. rSPARC (600 and murine 
PYS-SPARC (000 pz) 901,0 diMoi^«d into 2 ml of a Chelex-treated 
buffer consisting of 60 dm Tria-HCl (pH 8.0) and 160 mM NaCl. 
CaC1 a was added to 60 mM, and Ca B * not bound to the proteins was 
removed by gel filtration chromatography. Proteins were diluted to 
50 ml' 1 of the aupe buffer containing varying concentrations of 
EDTA, placed in quarts calls of pathlangth 0.1 mm, and scanned 
repetitively (6~16x) from 290 to 196 urn in a Shiatsu J700 circular 
dichroism spectrometer at ambient temperature. The spectra of the 
Chelex-treated buflss were subtracted from the spectra of buffers 
that contained protein. 

Fluontctnc* amission spectroscopy. Fluorescence measurements 
were pel fi.n nasi in a Parkin - Elmer LS-60B luminescence spectrome- 
ter controlled by FLDM software operating on a DEC 386SX com- 
puter, rSPAfiC was dftaaolved at a concentration of 30 ml" 1 into 
a Hulii ri—t>i1 O^a M Tris-HCa (pH 7.8) buffer that contained 
0.16 U NaCL A' ftfjff^if* sample we* prepared that contained 10 
mu CaCV Bbsk "^T 1 * ffa**& m * saminucrocuvettfl of path- 
length 1 cm and e ^ s»* tiHi » d , m separate experiments, at ultraviolet 
~ uJnT>w*d«»gthe of 260, 270, 275, 280, 286, 290, 300, and 310 nm. 
g *- { trifiri By t mMim wvaa monitored from 200 to 620 run at a scan speed 
of 200 nm rain" 1 BafailliNisi atiteHd&ha were 6 and 7 nm for excitation 
and emission, i empavtively. All measurements were performed at am- 
bient temperature. Tne spectra of solutions that contained no protein 
ware aubcracted from the spectra of those containing protein. This 
subtraction r^&Eswsd the Raman spsctra of crater intrinsic to all the 

to the observed emission spectra, ws determined the fluorescent 
emission profUaa of trp, Tyr, and Phe at an excitation wavelength 
of 280 nm. Trp weal identified as the residue that emitted fluorescence 
light typical of th* ay a ctta observed for the recombinant protein C 16). 
Pi rat- and bib laid in rail Raleigh scattering were observed in all spec- 
tra and were eejiai atwl optimally from the Trp signal at an excitation 
wavelength of 280 nm. 

For titration experiment*. 400-600 of rSPARC or mouse PYS- 
SPaBC (8) wws saturated with 0.06 m CaCl,. Ca a * not bound to the 
protein was remored by gel nitration chromatography in Chelex- 
treated 0.06 U TrU-HCVO. 16 M NaCl at pH 8. Protein solutions were 
diluted to 20—30 >4gfrnl in the same buffer that contained varying 
concentrations of EDTA. The percentage of change in fluorescence 
intensity at 386 neo wne calculated as previously described ( 16). 

Assay of cellular spreading. Bovine aortic endothelial (BAE) cells 
(0) wwi maintained at 37*C/6% CO* in DMEM that contained the 


following supple omenta: 10% FBS, 100 units/ml penicillin G, and 100 
unita/ml streptomycin sulfate. Cultures were passaged with trypsin/ 
EDTA and were used prior to passage 12, 

Human rSPARC (100 ^ml) was dialyzed against DMEM/1% FBS 
and was added to the wells of 2 4- we 11 plastic dishes at varying con- 
centration* and at constant volume. ConAuent BAE cells were re- 
leased with trypsin, and 10" cells in suspension was added to each 
well. After 2 h, cells were photographed and were subsequently 
scored for spreading by a semiquantitative rounding index previously 
established for BAE cells (17). Cells were scored as (a) spread, flat- 
tened cells with diminished cellular refractility, (b) unnpread, 
rounded calls projecting short processes in the initial stages of 
spreading, and (c) round, highly refractile cells with no apparent 
processes. I^ie number of cells in each group was then converted into 
a "rounding index" by the formula ((1 x a) + (2 x A) + (3 X r)J/(a + 
6 -t- c). An index of 1 thus represents a culture with only spread cells. 
A culture with increasing numbers of unspread and round cells would 
approach the maximum rounding index of 3. Values were calculated 
for two independent cultures and were graphed as the average i 
SE. Similar results were obtained when the assay was repeated with 
a different preparation of rSPARC. A control sample contained the 
same volume fraction of Ni-NTA elution buffer (pH 5.3). 

Binding of rSPARC to endothelial cells. Thirty-five micrograms 
of rSPABC was radioiodinated in 10Q nxM phosphate buffer that 
contained 1 mCi ( l2 *tlNaI and Iodo-Bcads according to the manufac- 
turer's protocol. Cell surface binding experiments were performed as 
previously described (18) with the following modifications: BAE cells 
were grown to confloaency in 24-well plates and were washed two 
times witfe 1 ml of ice-cold medium (DMEM that contained 25 mM 
Hepes, pH 7.4, and 2.5 mg/ml BSA). Varying amounts of l2 *I-rsSFARC 
were added to a final volume of 0.6 ml binding buffer, with or without 
the indicated amount of unlabeled competitor (SPARC synthetic pep- 
tide 4.2, NHa-TCDLDOTKVIALEEWAGCFG-COOH). This peptide 
had been shown to compete with native SPARC for binding to BAE 
cells (19). After an incubation of 2 h at 4°C, cultures were washed 
three times with cold binding buffer, solubilized with 1% Triton X- 
100 that contained 1 mg/ral B$A, and counted in a Beckxnan Gamma 
4000 y counter. Specific binding of rSPARC was calculated from 
competition experiments aa described (19). 

RESULTS 

Expression of Recombinant Human Endothelial 
SPARC 

The cDNA coding region of rSPARC, isolated by PCR 
from a human umbijicaj vein endothelial cell cDNA 
library, was ligated into the plasmid pET22b to produce 
pSPARCwt (Fig. 1). Double-stranded, dideoxy sequenc- 
ing ofbozh strands of pSPARCwt showed it to be 100% 
identical with human bone osteonectin (13, 14). The N- 
terminua of rSPARC contains an extra amino acid 
(Met) compared to the secreted form, which creates a 
translation initiation codon. The C- terminus of 
rSPARC contains eight additional amino acids: Leu, 
Glu, and (His) 6 . The Leu and Glu residues resulted 
from the ligation of rSPARC into the Xhol restriction 
site of pET22b. The sue His residues were engineered 
to provide a high-affinity metal-chelation site for puri- 
fication. pSPARCwt was subsequently transformed 
into competent BL2KDE3) E. coli. 

Recombinant E. coli were grown in liquid culture, 
and the pattern of protein expression was assessed by 
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FIG. I. The recombinant plasmid pSPARCwt. A 9O0-bp PCR-DNA 
product encoding human endothelial SPARC wan inserted into the 
bacterial expression pi as mid p£T22b at restriction endonucleaae 
sites Ndsl andXhol to produce the recombinant plaamid pSPARCwt. 
Shown are the genes fox (Amp), the lac repressor (lad), 

and sinjU-fttrand replication (fl origin), SPARC transcription ia un- 
der the control of the T7 RNA polymerase promoter. Wild-type amino 
acids «re designated in bold. Additional residues not found in the 
wild-type protein include an N-terminal Met and the terminal 
amino acids Leu, Glu, and (rlifl)^. 


SDS-PAGE (Fig. 2). The expression of rSPARC was 
dependent on the addition of IPTG, which inactivates 
the lac repressor and induces the synthesis of chromo- 
somally encoded T7 RNA polymerase under ZacUVS 
control and subsequent transcription of rSPARC 
mRNA from its T7 promoter. rSPARC appeared to be 
a prominent protein in induced cells after resolution 
of total bacterial protein by SDS-PAGE (Fig. 2). This 
electrophoretic profile was observed consistently 
whether rSPARC was expressed in shake-flask cul- 
tures or pilot-scale fermentations. The number of pro- 
teins present in fractions of equivalent volumes pre- 
cluded our determining whether rSPARC was the ma- 
jor protein present in the IPTG-induced fractions. 
When total bacterial proteins were probed with immu- 
noglobulins specific for the COOH-terminal EF-hand 
motif of rSPARC (Fig. 2B), an immunoreactive band 
was observed at the position that corresponded to the 
major IPTG-induced product in gels stained with Coo- 
massie blue. We also used antibodies against an NH 2 - 
terminal sequence of SPARC; the immunoblot ap- 
peared identical to the profile generated with COOH- 
terminal antibodies (data not shown). These results 
dem nstrate that rSPARC of molecular mass 34-38 
kDa was apparently expressed as a full-length polypep- 


tide. Lane 6 of Fig. 2B also contains an immunoreactive 
band of -97 kDa that might represent a form of 
rSPARC not fully reduced. rSPARC displays an electro- 
phoretic mobility slightly greater than that of native 
SPARC isolated from mouse PYS-2 cells (Fig. 2B). This 
difference in apparent M t . is due to an absence of carbo- 
hydrate in the bacterially expressed protein, whereas 
the protein expressed by mammalian cells is known to 
be glycosylated (11, 20). 

Isolation and Characterization of Soluble rSPARC 

We were able to purify rSPARC from lysates of 
bacterial fermentations by sequential chromatogra- 
phy on ion-exchange and nickel-chelate resins. Fig- 
ure 3 displays the electrophoretic profile of the puri- 
fied protein. During the development of the purifi- 
cation protocol for rSPARC, we discovered that the 
manner in which we exposed the bacterial lysate to 
the ion-exchange resin was important and summa- 
rize our findings below. 

Resolution of rSPARC aggregates on ion-exchange 
resin. Our initial attempts to isolate soluble 
rSPARC resulted in relatively poor yields, because 
varying amounts of the protein precipitated dur- 



(g) Coomassie Stain (g) Immunoblot 


FIG. 2. Induction of SPARC production is dependent on inactiva- 
tion of the lac repressor. Recombinant BL2MDE3) £. rvli that con- 
tained pSPARCwt were grown in liquid culture until the OD^ was 
0.6-0.8. IPTG was added to 1 mM at Time 0. One-milliUter aliquooa 
of culture were removed at the times indicated, centrifuged at 
16,000$ for 1 min, and dissolved in 0.2 ml of SDS-PAGE sample 
buffer that contained 50 mM DTT- Equal volumes of each sample 
(0.02 ml) were fractionated by SDS-PAGE on 10% g*b that con- 
tained 0.1% SDS. (A) SDS gel stained with Coomassie blue. (B) Auto- 
radiogram from an immunoblot, Antibodies were specific for th« C- 
urminal EF-hand region of rSPARC (lb). SPARC:IgG complexes 
were detected with tM I-protein A. Lane 1 . native SPARC from murine 
PYS cells (1 ^): 'ane 3 2 " 6 > total E - coti P rotein * l *>™ ea indicated; 
lane 2, 0 h; lane 3, 1.5 h without IPTG; Une 4, 1.5 h with IPTG; lane 
5, 3 h without IPTG; lane 6, 3 h with IPTG. 
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TABLE I 

Purification of Soluble rSPARC from Escherichia coZi a 


Fractions 

Total pro tains 
(mg) 

Percentage of 34- to 38-kDa 
protein* (% area) 

34- to 33-feJ>a 
protein (mg) 

Fold 
purification 

Yield 
{%) 

SolubU lyaate 
Ni-NTA' 

826 
66 
3.5 

23* 
51" 
100 

190" 
29" 
3.5 

1 

2.2" 
2 

100 

15.3" 
12.1 


" B«Md on one reprw^nUtWw experiment. 

* Calculated by integration of danaitometric scans of photographic negatives. 

c Estimate is high due to number of protein* in this molecular size range. 

4 Calculation dapenda on the percentage of area for the 34- to 38-kDa protein (footnote c). 

- From a 0.2-0.3 M NaCl ehiata. _ ^ v| _ x/ 

From a pH 5.3 .luata. AVAILABLE COPY 


tal Procedures, rSPARC bound tightly to the Ni-NTA 
resin at pH 7.8 because the pX. of the imidazole moiety 
of His is 6.8. Under washing conditions at pH 6.0, con- 
taminating proteins were efficiently removed at a flow 
rate of 0.5 ml min" 1 (data not shown). At pH 5.3, 
rSPARC was specifically eluted with less than 5% con- 
taminating proteins. Figure SB displays a representa- 
tive electrophoretogram of a final preparation of 
rSPARC from a Ni-NTA column. We and others (22) 
have found that a low flow rate is essential for achieve- 
ment of equilibrium during the washing or elution 
steps. Topical yields of soluble rSPARC that were 
eluted from this remn were 3-4 mg rSPARC per soluble 
extract derived from a fermentation of 1.3 liters. 

We attempted to determine the yield of rSPARC at 
each step of the purification process. Table 1 shows the 
total milligrams and the milligrams of rSPARC at each 
step. We were unable to determine accurately the 
quantity of rSPARC in the starting soluble lysate mate- 
rial because of the high number of bacterial proteins 
present in thig mixture, The percentage of area that 
we calculate for rSPARC by densitometric scanning of 
photographic negatives is likely to be higher than the 
true area because of numerous proteins that constitute 
the 34- to 38-kDa fraction on SDS-PAGE. However, at 
the DEAE-Sepharose step, rSPARC is the predominant 
protein of 34-33 M3a. 

Isolation of Monomelic rSPARC ' by Gel Filtration 
Chromatography 

We occasionally noticed higher molecular weight 
forms of rSPARC in our final preparations, especially 
after several freeze-thaw cycles. To remove dixners, 
triroera, and oligomers from monomelic rSPARC, we 
fractionated the eluates from the Ni-NTA affinity 
resin on a Superdex-70 gel filtration resin. Figure 4A 
displays a representative chromatogram and demon- 
strates that the protein eluting between 55 and 60 ml 
is the monomeric form of rSPARC, as judged by nonre- 


ducing SDS-PAGE (Fig. 4A, fraction 37). A dimeric 
form of rSPARC elutea just after the void volume at 
fraction 32 and a degradation fragment of 22 kDa at 
fraction 47. Configurations of rSPARC greater than di- 
nners do not enter the gel matrix and are present in 
the void volume (not shown). 



25 SO 75 

Elution Volume (ml) 


130 
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FIG. 4. Isolation of monomelic rSPARC by gel filtration. Protein 
eluatea from Ni-NTA affinity chromatography were applied to a 1.6 
X 60-cm column of Superdex-70 equilibrated in 50 mM Tris-HCI 
(pH B.0) containing 0.15 M NaCl. (A) Fractions of 1.25 ml were moni- 
tored at At& prior to (B) analysis by SDS-PAGE. Protein sampleg 
were denatured with 2% SDS. subjected to electrophoresis under 
nonreducing conditions, and stained with Coomassie blue. The col- 
umn fraction number ib indicated at the top of each w.l), and M r 
values are given to the left. 
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FIG. 5. Induction of a -helix in rSPASC by Ca a *. Fifty uucro grams 
of rSPARC in a Chttlex-trwted buffer of 10 mM Tris-HCl (pH 7.8) 
and 0.15 M NaCl vai placed in a cell of pathlength 0.1 mm, and the 
solution wai r mMr ^ mA from 290 to 196 nm in a circular dichroiszn 
spectrometer. Shown ia the average of aix scans in the absence of 
exogenous cmkiuitt (prior to exp^jrioaent). Successive samples, satu- 
rated with and depleted of Ca*\ are indicated. Shown are spectra 
after the subtraction of the spectrum of the buffer solution. The arrow 
refers to the range of EDTA titration described in Fig. 6. 


Analysis ofNHr and COOH-Termini 

We subjected a preparation of soluble rSPARC to 
amino add aaquenoog by the Edman degradation pro- 
cedure and acqttind the following sequence: P-Q-Q-E- 
A-l^P-D-E-T^E-V-V-E-E. Since the sequence obtained 
was not we concluded that the first 2 NH 2 - 

_ terminal untoq acids, fbrmyl-Met and Ala, had been 
removed by batrt*rrial processing. The remaining 15 res- 
idues match tin predicted* processed NTi 2 -terminal end 
of cDNA aapaoces encoding human SPARC (13, 14, 
23). Together with our observation that the protein 
bound fltFCS^ty to the Ni-NTA nickel-chelate resin 
through its CbOH-terminal (His) 8 motif, we have con- 
cluded *>H»t yrnarationfi of r SPARC are essentially in- 
tact. Based eta 293 residues present in the isolated pro- 
tein, the Mr was calculated as 33,692 and the isoelectric 
point as 4.71. 

Conformational Activities of rSPA&C Are Induced by 
Ca* + 

Circular dichroiam spectroscopy (CD). We moni- 
tored secondary structure and conformational changes 
in rSPARC as a function of Ca 2 * concentration by CD 
(Fig. 5). The minimum observ d in the CD spectrum of 
a polypeptide at 220 nm is indicativ of a-helical con- 
tent. The addition of Ca a * ion to a rSPARC sample 
resulted in the increase of the mean residue ellipticity 


(0) at 220 nm from -3.4550 to -4.419 deg * cm 2 ■ dmoP l . 
This increase of 28% indicated that a significant 
amount of a-helicity was obtained. rSPARC therefore 
bound Ca 2+ , and this interaction resulted in a change 
in a-helical content that could be monitored by CD. 
This result further demonstrates that the bacterial cy- 
toplasm does not contain a sufficient pool of free Ca~" 
to allow full occupation of the high- and low-affinity 
Ca 2+ binding sites of rSPARC, but that the isolated 
protein had folded into a conformation from which it 
could acquire further a-helicity. This increase in ellip- 
ticity could be reversed by EDTA, a previously reported 
feature in the CD studies of native SPARC (24, 25, 34). 

We studied the transition in conformation when 
bound Ca z+ was gradually removed from rSPARC and 
native murine SPARC by titration with EDTA (Fig. 6). 
The data show that both proteins display a titration 
curve indicative of cooperativity. Although the concen- 
trations of both the recombinant and the murine pro- 
tein samples were equivalent, the lesser magnitude of 
the murine SPARC signal was likely due to the pres- 
ence of stabilizing serum albumin in these prepara- 
tions. These transitional changes in SPARC are in 
agreement with titration curves previously reported for 
native SPARC isolated from murine parietal entoderm 
cells (24) or from the Engelbreth-Holm-Swarrn mu- 
rine tumor (25 , 34). rSPARC thus displayed a confor- 
mational activity highly similar to that of the native 
protein. A comparison of A[0] 2 2o between recombinant 
and murine forms of SPARC is listed in Table II (see 
below for further discussion). 
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FIG. e. Ca = *-dependent conformational tranaition af rSPARC and 
native SPARC. The change of circular dichroism ellipticity at 220 
nm (see arrow in Fig. 5) was monitored as a function of increasing 
amount* of EDTA added to rSPARC (O) or native, murine SPARC 
(•)- 
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TABLE n 


Comparison of the Ca 2 Mndueed Changes in Human SPARC and Murine SPARC 


Protein (species) source of isolation 

Experimental method" 

\F 3M (%) 


K 4 (/iJM) 

rSPARC (human) bacteria 

SPARC (murine) parietal endoderra cells 

SPARC (murine) Engelbreth-Holua-Swarni tumor 
rSPARC human kidney cella 

EDTA titration 
EDTA titration 

Ca 3 * titration 
Ca Ji titration 

44<fc (Fig. 8) 
(Fig. 6) 

34% (Ref 34) 
9S9b (Kef. 10) 

32* (Fig. 6) 
54" 'Fig. 6) 
35 f (Rcf. 4) 
34* (Ref. 34 ) 
36' (Ref. 10) 

l')0 (Fig. S) 
45 (Fig. Si 
5") (Ref. 24) 
0 6 (Ref. 34) 
0 0« (Ref. 101 


Note. AJ* and &[$] were calculated from signals of Ca' J Mree and Ca a ~ -saturated proteins according to the formula (free - saturated)/ 
saturated (10). Jfj were calculated from midpoint inflections of fluorescence signals (Fiff. S). 

a A fundamental difference exists in how SPARC was prepared prior to spectroscopic determination between this report, nnd the data 
from Ref. 10 and 34, For EDTA titrati one, SPARC was saturated with Ca a * and unbound Ca 3 * was removed. Fur Ca" titrations, SPARC 
was paaaagvd through an EDTA chromatography column. 

b EDTA present at 100-fold excess over protein, 150:1.5 nun (Fig. 6). 

' EDTA pnacnt at 91-fold excess over protein, 1000:11 jiM (24). 

d EDTA prewmt at 2-fold molar excess over protein (34). BEST AVAILABLE COPY 

* EDTA present at 2-fold molar excess over protein (10). 


Intrinsic fluorescence emission spectroscopy. We 
analysed the interaction of Ca 3 * with rSPARC by 
monitoring of the fluorescence emission profile of in- 
trinsic Trp residues (Figs. 7 and 8). The comparison 
of the emieeion profiles between the aromatic amino 
acids and rSPARC at varying ultraviolet wave- 
lengths indicated that Trp was the primary contribu- 
tor to the observed signal of the protein (not shown). 
Figure 7 demonstrates that 280 nm is the optimal X. v3( 
for the recombinant protein because (a) the greatest 
amount of fluorescence intensity was observed and 
(b) the emission spectrum was resolved optimally 
from that contributed by the intrinsic Rayleigh scat- 
tering of the sample and cuvette. The intensity of the 


emission profiles of rSPARC was therefore dependent 
on an aromatic amino acid, primarily Trp. 

When a sample of rSPARC, identical to that shown 
in Fig. 7 A, was saturated with Ca 2 *, and unbound cat- 
ion was subsequently removed by gel nitration chroma- 
tography, the fluorescence intensity of the emission 
profile at each \ e * was found to decrease significantly 
(Fig. 7B). This decrease was consistent with fluorescent 
emission profiles for native SPARC (24), for native 
SFARC/BM-40 (25, 34), and for recombinant SPARC/ 
BM-40 (10) in the presence and absence of Ca 2i \ 

The gradual removal of bound Ca*^ from rSPARC 
and murine SPARC was achieved by titration with 
EDTA. Figure 8 demonstrates that over a 6000-fold 



Emission Wa«atangTn (nm) 

FTO. 7, Fluorescence emission spectra of rSPARC are reduced by Ca a *. The optimal excitation wavelength of u purified, soluble preparation 
of rSPARC was determined for fluorescence emission spectroscopy. Resolution slitwidths were 6 nm for excitation and 7 nm Tor emission. 
Scan speed was 200 nm/min. Shown are spectra after subtraction of spectra corresponding to buffer. The optimal wavelength lor excitation 
of the aromatic amino acids (primarily Trp) of rSPARC was 280 nm. (A) Spectra of rSPARC (30 //g) isolated from bacteria. (B) Spectra of 
rSPARC (30 after addition of 10 mM CaCl a . 
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FIG. X. Kr-movnl .tf liuund (;,»'-' :dlm\* the intrinsic Huoresccnet; tit' 
r-SI'AKt* and native SPAfU:. Pp'tein-t were dissolved into n (J. Of) Vi 
lV-> Hi I huHV-r -pH *.0! omUunini; (Ma M NaCl ;md O.Of, m CaCl... 
t ':i : ' n. 1 1. hound lo liu- pivudn was ru moved by sizr-i^clusinn chrumJ- 
i.^i-Mptiy. Pn>l.nns -a- ere diluted i.o Lo ,<,.\i in th»i ^rnc buffer thai 
run Lamed varynm enneeninituvis uf EDTA. .Shown \r a plot of (.he, 
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■ d>k'm\V The d:ioi lur rSPARC • were pluited ;t fourth-vrder 
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concentration ran^v of EDTA (1.1 10 "-l.tf x If) ri 
Mi, (lu: peak height of the emission spectra nf'rSPARC 
al -VM) nm 'dosed squares) was diminished by the che- 
lating agent in a manner consistent with that observed 
lur murine .SPARC (open circles*. From these data, wo 
estimated the dissociation constants For rSPAJRC and 
murine SPARC as 100 and 45 ^M, respectively. These 
values am in agreement vvjch previously reported val- 
ue.- lur the protein studied in analogous assays and 
indicate that. rSFARC exists in a conformation that is 
hic.hly similar to that of the native protein i Table ID, 
(■a" therefore: influenced the fluorescence omission 
spectrum uf the intrinsic Trp residues in rSPARC. 
through either an alteration of the environment around 
this amino acid or the quenching of Trp fluorescence 
hy neighboring amino acids. 

Ihe methodology used for purifiear.ion of .SPARC 
prior in spectroscopic determination most likelv ac- 
counts for the differences in the values noted in Table 
II. I'W EDTA titrations, SPARC was saturated with 
Ca ' .md unbound I V was removed i values in the 
first two rows of Table I'D. Fur (V : * titrations. SPARC 
u-a.- pas.-t:d through an EDTA chrnmatotfoph v column 
'II' r values in rows :\ and d .d' Table fl:. Uccuw.so 
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of inh< -ent, differences in expression systems ■ 
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rSPARC u^rra rSPARC prool«« Murine SPARC 

FIG. &. Biological activity of rSPARC. (A) Anti- adhesion- rSPARC (100 pgtal) was dialyzed against DMEM that contained \% FBS and 
was added to tissue culture plastic wells at final concentrations of 0, 2, 10, 20, and 40 ^xg/ml (0, 0.06, 0.30, 0.6, and 1.2 pM). BA£ cells (10*) 
were subsequently addted to each well. After 2 h, the cells in each group were evaluated according to a rounding index (16). A score of 1 
represents & culture with only spread cells, whereas a culture with increasing numbers of unspread and round cella would approach the 
maximum rounding index of 3. Values were calculated for two independent cultures and graphed aa means W~ standard error. A control 
sample contained the same volume fraction of Ni-NTA elution buffer (pH 5.3). (B) Binding studies. Iodinawd rSPARC was incubated at 
pH 7.4 with confluent BAE cella grown in 24-wdJ plates aa described under Experimental Procedures. Bound l3 *I-rSPARC was competed 
by a 200-fbld excess of SPARC peptide 4.2 (representing amino acids 255-273) and specific binding was obtained by subtraction of nonspecific 
binding ftrrm total binding (17). Bars represent the means +/- standard deviation of 3 wells. Binding ia expressed as the mean 1 I cpm/ 
well containing 2 x 10* cells * SD. The specific activity of ^I-rSPARC was 621 cpra/foaol. (C) Binding of murine SPARC to BAE cella. 
Data taken from Ret 13- BAE cells were grown in 2 4-. well plates until confluent To each well, 6 pmol of ^I-murine SPARC was incubated 
in binding buffer at pH 7.4 ± a 60-fold molar excess of unlabeled SPARC for 2 h at 4°C Cultures were washed, solubilized in 1 n NaOH, 
and counted. Binding is expressed as the mean cpm bound/2.5 X 10* cella ± SE, The specific activity of murine SPARC was 1085 cpnVftnol. 
Ban are labeled as in B. 


tional and biological activities. Whereas highly purified 
preparation* of SPARC have proven valuable for delin- 
eation of protein activity, quantities of the protein suf- 
ficient for extensive biophysical and structural analy- 
ses have not been available. We have attempted to ad- 
dress these problems by expression of SPARC in 
bacteria and we report here that isolations of the puri- 
fied protein are biologically active and correctly folded. 


table m 


Endotoxin Levels in rSPARC Preparations 


Sample 

ng endotoxin/Mg' rSPARC" 

rSPARC-1* 

0.0i8 e 

rSPARC-2* 

0.018* 

rSPARC-3* 

0.016' 

rSPABC-4* 

0.014' 


* Endotoxin level determined from standard curve (Fig. 10). Con- 
centration of rSPARC was determined by BCA assay. 

* rSPARC in DMEM solution. 

* Value obtained after subtraction of endotoxin levels in DMEM + 
Ni-NTA ehitfcm buffer. 

d rSPARC in KPMI solution. 

' Value obtained after subtraction of endotoxin levels in RPM1 + 
Ni-NTA elusion buffer. 


Our finding that the resolution of rSPARC aggre- 
gates on ion-exchange resins could increase our yields 
from <0.2 to >3 mg per 1.3 liters of fermentation 
culture is consistent with the results of Hoess et al. 
(32), who showed that treatment of bacterial lysates 
with ion-exchange resin could soluble three different 
recombinant proteins into biologically active forms. 
Since a significant amount of rSPARC (-50%) is found 
in the insoluble fraction of the lysate, we are currently 
assessing whether this technique will resohibilize and 
correctly fold the insoluble form of the protein. Because 
the synthesis of rSPARC RNA is under the control of 
the strong T7 bacteriophage promoter, "we have ob- 
served rapid accumulation of recombinant protein 
within 15 min of the addition of IPTG. We believe that 
our system becomes saturated rapidly with rSPARC 
protein; hence, there is a sequestration of protein into 
the insoluble fraction. The soluble extract that we pre- 
pare must therefore contain a significant fraction of 
protein that is marginally soluble due to varying de- 
grees of tertiary structure. Through the interaction of 
rSPARC with DEAE-Sepharose resin, we surmise that 
the protein adopts a thermodynamically stable ar- 
rangement of disulfide bonds and hydrophobic interac- 
tions that leads to the formation of soluble monomers 
over the 16-24 h that rSPARC is in contact with the 
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FIG. 10. Determination of bacterial endotoxin concentration. 
Known quantitio* of «ndotcndfi were diluted over the indicated range, 
incubated with ZJm*iw# amoebocyto lyoato (16) for 10 min at 37*0, 
ajid jneaaurwd photometrically by the enzymatic cleavage of p-nitro- 
aniline (pNA) from Ac-De-Glu-Ala-Ar^pNA at 405 nm. 

resin. However, rfiPARC does not necessarily require 
DEAE-Sephareee resin for the resolution of aggregates, 
because insoluble, denatured rSPARC can be refolded 
into soluble monmnerB by gradient dialysis and by cys- 
tine isomerixaEvm (J. Baaauk et aL t manuscript in prep- 
aration). Although soluble rSPARC monomers exist in 
a conformation highly similar to that of the native pro- 
tein isolated from mftfr™* 1 **" cell culture, confirma- 
tion of this point awaits the determination of the 3- 
dixnensional afructure of SPARC. 

Eukaryotic proteins eiTr««ned in bacteria are not 
fclYCoaviated- (Since jKAKt^iiiVi-^u/ osteonectin is 
Known to ™ ^p+^i*> complex oligosaccharide chains that 
vary in length and composition (11), it was possible that 
the lack of carbohydrate in rSPARC would diminish its 
biol gical activity. Kelm and Mann (11) reported that 
changes in the oligosaccharide structure of SPARC al- 
tered the kj™«Kng to collagen. In contrast, Pottgieser et 
al. (10) reported that deglycosylation of SPARC/BM-40 
LuJi ^; a -!^3 ir^dir- to coLlr.g-n IV. A -trtanb 
rSPARC lacking the known N-linked carbohydrate at- 
tachment site was still active in cellular anti-adhesion 
assays (33). Our results are consistent with the latter 
two reports. Clearly, a functional activity for the oligo- 
saccharide side chain(s) of the native protein has yet 
to be identified. 

SPARC/BM-40 exhibits a significant change in ot-he- 
lical content upon removal of bound Ca 3+ ion (10, 24, 
25). We used CD spectroscopy to analyze an isolated 
preparation of rSPARC and observed a change in the 
mean residue ellipticity (£k6 7W ) f 32% up n the addi- 
tion of Ca a+ . This increase in AGzjo was consistent with 
the acquisition of a-helicity, and we concluded that 
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rSPARC responds to the addition of exogenous Ca~* in 
a manner similar to that of native SPARC. We are 
unable to add Ca 2+ to rSPARC during the initial stages 
of purificati n because CaPO* is insoluble in the phos- 
phate buffer system used. Newly synthesized rSPARC 
might therefore be depleted of Ca 2 ~ at the low-affinity, 
high-capacity binding sites present in the Glu-rich, 
NHs-tenninal 50 amino acids, a consequence, perhaps, 
of limiting amounts of free Ca 2+ in the bacterial cyto- 
plasm. 

We also measured the fluorescence emission profile 
of rSPARC in response to excitation with ultraviolet 
light. After correction for the intrinsic Raman spectra 
of water present in all buffers and solutions, the maxi- 
mal fluorescence emission intensity in the presence of 
10 mM CaCl 2 was 85% of the signal that corresponded 
to the protein with no added Ca**. A value of 96% was 
reported for human recombinant SPARC/BM40 (10). 
We conclude that bacterial rSPARC, like its mamma- 
lian counterpart, alters the environment of its intrinsic 
Trp residues in response to Ca 2r . Within the EF-hand 
of human SPARC is a single Trp (residue 269) that is 
likely to account, at least in part, for the fluorescence 
emission signal. We also estimated dissociation con- 
stants for rSPARC and murine SPARC from the EDTA- 
titration curves by location of the | maximal change on 
the ordinate of Fig. S (% Change in Fluorescence ■ and 
calculation of the corresponding position on the ab- 
scissa (pEDTA). We found, with reasonable error at- 
tributable to methodogy, that the values of 100 and 
45 j*M, respectively, agreed with the literature values 
obtained by EDTA titration. When we compar d our 
experimental values with the data from Mayer et al 
(34) and Pottgiesser et al (10), we detected a funda- 
mental difference in methodology in fluorescence titra- 
tions of SPARC. In these references, the authors first 
remove all Ca 2+ by passage of SPARC/BM-40 through 
an EDTA-resin and subsequently titrated the Ca 2 * 
back. Under these conditions, those authors obtained 
a value of 0.6 iM for murine SPARC isolated from the 
Engelbreth- Holm- Swarm tumor. We conclude that 
our EDTA titrations are not directly comparable to 
Ca a+ titrations, but that the overall response of the 
protein to Ca 2 "" is fundamentally the same. Differences 
in binding activities may not be due only to conforma- 
tional changes, but to posttranslational changes s'such 
as glycosylate or phosphorylation). Surface charge 
and long-range interactions (10) might also have, pro- 
found effects on Ca 2 ~ affinity. 

Since a bacterial expression system should generate 
biologically active material, we evaluated whether 
rSPARC could alter the morphology and adhesive prop- 
erties of aortic endothelial cells. Our results demon- 
strate that the protein inhibited cell spreading on tis- 
sue culture plastic in a concentration-dependent man- 
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ner. This observation is in agreement with the kn wn 
property of native SPARC as an anti-spreading factor 
(9). Our determination that rSPARC preparations con- 
tained <0.018 ng endotoxin/ptg rSPARC allowed us to 
c nclude that endotoxin was not responsible for the 
change in morphology and adhesion of BAE cells, be- 
cause this level of endotoxin is below the threshold 
reported to elicit alterations in gene expression (26), 
attachment (27), and viability (27) of these cells We 
also found that rSPARC specifically bound to confluent 
monolayers of endothelial cells, a result consistent with 
activities reported for native SPARC purified from mu- 
rine cells (19). The binding of rSPARC was competed 
by the 20^residue SPARC peptide 4.2, a sequence that 
comprises the EF-hand loop present at the C-terminus 
of the protein. We have also found that rSPARC re- 
duced the incorporation of [ 3 H]thymidine by rat glo- 
merular mesangial cells and human smooth muscle 
cells in vitro (J. Bassuk et a/., manuscript in prepara- 
tion; S. Funk et aL, manuscript in preparation). 

We are currently improving the yields and folding of 
biologically active rSPARC through the expression and 
transport of the protein into the bacterial periplasmic 
space, a compartment that is less reducing for disulfide 
bonds than the bacterial cytoplasm. The availability 
of recombinant SPARC that is biologically active and 
correctly folded now allows us to discern the structure/ 
function relationships of this multifunctional extracel- 
lular protein, 
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